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The results of this research strongly support the hypothesis that polyhalgenated
cyclic hydrocarbons (PCI-) induce production of reactive oxygen species which may
contribute to many of the toxic manifestations associated with these xenobiotics. A
non-invasive method for assessing lipid peroxidation and oxidative stress has been
developed. This method involves the simultaneous determination of the peroxidative
lipid-u'rinary metabolites formaldehyde, malondialdehyde, acetaldehyde and acetone by
HPLC. The investigators demonstrated that PCI- can induce the formation of reactive
oxygen species both in vitro and in vivo. Thus, PCI- as endrin and lindane can induce
formation of reacti~.re oxygen species directly, and may not involve an indirect,
hormonal or messeng--er system. [hoise PCH can induce formation of reactive oxygen
species in peritonea! macrophai.,L.s, mitochondria and microsomes. Thus, multiple
sources of reactive oxyg'~n specics exist in response to PCI-. Antioxidants can
inhibit the formation of reactive oxygen species. A relationship appears to exist
between the ability to induce riuctive oxygen species and the formation of oxidative
tissue damage including lipid pet-oxidation, DNA single strand breaks, and decreased
rmembrane fluidity. In additioni, P['(A induce altered calcium and iron homeostasis. .- ~
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The altered calcium distribution may lead to irreversible cell death, while
altered iron distribution may contribute to the formation of reactive oxygen
species.
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SUMMARY

We are extremely pleased with the results which we have obtained to date. The results
strongly support our basic hypothesis concerning the ability of polyhalogenated cyclic
hydrocarbons to induce production of reactive oxygen species which may contribute to many
of the toxic manifestations associated with these xenobiotics. Our results have resulted in
the presentation of four papers at national and international meetings during the past year.
In addition, three manuscripts have been published, two manuscripts are in press, and three
additional manuscripts have been submitted for publication. Copies of the manuscripts and
reprints are appended.

A non-invasive method for assessing lipid peroxidation and oxidative stress has been
developed. This method involves the simultaneous determination of the peroxidative lipid
urinary metabolites formaldehyde, malondialdehyde, acetaldehyde and acetore by HPLC.
These techniques have many potential applications.

We have demonstrated that PCH can induce the formation of reactive oxygen species both
in vit and in Avo. Thus, PCH as endrin and lindane can induce formation of reactiv-!
oxygen species directly, and may not involve an indirect, hormonal or messenger system.
These PCH can induce formation of reactive oxygen species in peritoneal macrophages,
mitochondria and microsomes. Thus, multiple sources of reactive oxygen species exist in
response to PCH. Antioxidants can inhibit the formation of reactive oxygen species.

A relationship appears to exist between the ability to induce reactive oxygen species and the
formation of oxidative tissue damage including lipid peroxidation, DNA single strand breaks,
and decreased membrane fluidity. In addition, PCH induce altered calcium and iron
homet-btasis. The altered calcium distribution may lead to irreversible cell death, while
altered iron distribution may contribute to the formation of reactive oxygen species.

Based on the progress which has been made to date, completion of the specific aims which
have been delineated should be completed within the proposed time frame of the grant.
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Excretion of Formaldehyde, Acetaldehyde, Malondialdehyde and Acetone in the
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UIL IDENTIFICATION AND QUANTITATION OF LIPID METABOLIC PRODUCTS

IN RESPONSE TO POLYHALOGENATED CYCLIC HYDROCARBONS (PCH)

One of our specific aims is the assessment of tissue damage in response to oxidative

stress induced by polyhalogenated cyclic hydrocarbons (PCH). Lipid peroxidation is

a potentially useful method for assessing oxidative damage, but in the past, a highly

specific, non-invasive method for assessing peroxidative damage has noL been

available. We have developed methods for the simultaneous identification of

formaldehyde, acetaldehyde, malondialdehyde and acetone in urine and serum of

experimental animals, and have quantitated the urinary excretion of these lipid

metabolites in response to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), endrin,

carbon tetrac~ioride and paraquat. In addition, we have also quantitated the serum

levels of these metabolites with time in response to TCDD.

Formaldehyde (FA), acetaldehyde (ACT), malondialdehyde (MDA) and acetone

(ACON) were simultaneously identified in urine, and their excretion quantitated in

response to chemically induced oxidative stress. Urine samples of female Sprague.

Dawley rats were coilected over dry ice and derivatized with 2,4-

dinitrophenylhydrazine. The hydrazones of the four lipid metabolic products were

quantitated by high-performance liquid chromatography on a Waters 10-am 14-

Bondapak C,& column. The identities of FA, ACT, MDA and ACON in urine were

confirmed by gas chromatography-mass spectrometry. An oxidative stress was

induced by orally administering 100 og/kg 2,3,7,8-tetrachlorodibenzo-p-dioxin, 75

mg/kg paraquat, 6 mg/kg endrin or 2.5 ml/kg carbon tetrachloride to rats. Urinary

excretion of FA, ACT, MDA and ACON increased re .,tive to control animals 24 hrs
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after treatment with all xenobiotics. The system has wide-spread applicability to the

investigation of cltered lipid metabolism in disease states and exposure to

environmental pollutants.

A high pressure liquid chromatographic (HPLC) method has been developed for the

simultaneous determination of serum levels of malondialdehyde (MDA),

formaldehyde (FA), acetaldehyde (ACT) and acetone (ACON). Serum samples were

derivatized with 2,4-dinitrophenylhydrazine (DNPH) to form the corresponding

hydrazones of the four lipid metabolites. The hydrazones were extracted with

pentane and chromatographed on a gBondapak C1. column. Acetonitrile-water

(49:51 v/v) was used as the mobile phase. Treatment of rats with 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) (50 Mg/kg) resulted in marked time-dependent

iacreases in the serum levels of the four metabolites. This HPLC method for

identifying and quantitating formaldehyde, malondialdehyde, acetaldehyde and

acetone is rapid and highly reproducible. The method has widespread applicability

to the assessment of metabolic alterations produced by drugs, disease states and

toxicants.

IV. TIME-DEPENDENT EFFECTS OF 2,3,7,8-TETRACHLORODIBENZO-P-DIOXIN

(TCDD) ON SERUM AND URINE LEVELS OF MALONDIALDEHYDE,

FORMALDEHYDE, ACETALDEHYDE AND ACETONE IN RATS

TCDD was used as a prototypical PCH to assess the comparative effect of a

chemically induced oxidative stress on serum and urine levels of lipid metabo'bites.
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The ability of TCDD to produce lipid mobilization and alter lipid metabolism is well

known. Previous studies have indicated that TCDD induces an oxidative stress and

enhances lipid peroxidation. However, the products resulting from altered lipid

metabolism in response to TCDD have not been studied. We have examined the

time-dependent changes in serum and urine levels of malondialdehyde, formaldehyde,

acetaldehyde and acetone in response to a single oral 50 jug/kg dose of TCDD in

rats. The changes in these four metabolic products were quantitated by high pressure

liquid chromatography (HPLC). The effects of TCDD were compared with ad

libiwm fed control animals and pair-fed animals. Serum and urine levels of the four

metabolites were assayed on days 0, 3, 6, 9 and 12.

Following TCDD administration, significant increases in the four metabolites present

in serum and urine were observed at all time points. For example, on day 6 post-

treatment malondialdehyde, formaldehyde, acetaldehyde and acetone increased

approximately 2.6-, 2.5-, 2.4- and 6.9-fold in serum, respectively, and 3.0-, 2.3-, 3.8-

and 3.7-foid in urine, respectively. Increases were also observed in the serum and

urine levels of the four metabolites in pair-fed animals relative to the ad libitum fed

control animals. However, the increases in the serum and urine levels of the four

metabolites was significantly greater for TCDD animals as compared to the pair-fed

control animals at most time points. When the serum levels of malondialdehyde as

determined by HPLC were compared with the results obtained by the thiobarbituric

acid (TBA) colorimetric method, similar time courses were observed although higher

results were obtained for the less specific TBA method. The results clearly

demonstrate that TCDD causes markedly elevated serum and urine levels of four
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specific products associated with lipid metabolism.

V. IN VITRO INDUCTION OF REACTIVE OXYGRN SPECIES BY TCDD, ENDRIN

AND UNDANE IN RAT PERITONEAL MACROPHAGES, AND HEPATIC

MITOCHONDRIA AND MICROSOMES

The ability to induce an oxidative stress by PCH has been well demonstrated in our

laboratories. However, the source of the reactive oxygen species is unclear. One of

our specific aims was the comparison of the abilities of selected PCH to induce the

formation of reactive oxygen species in isolated tissues as rat peritoneal macrophages,

and hepatic mitochondria and microsomes.

Hepatic mitochondria and microsomes as well as peritoneal macrophages from

female Sprague-Dawley rats were incubated for up to 30 mrin at 37" C in the presence

of 0-200 ng/ml 7 3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), endrin (2,3,3,4,10,10-

hexachloro-6,7-epoxy-1,4-4a,5,6,7,8,8a-octahydroendo,endo- 1,4:5,8-

dimethanonaphthalene) and linda ne (hexachlorocyclohexane). Production of reactive

oxygen species was determined by chemiluminescence and cytochrome r reduction,

while potential tissue damage was assessed by alterations in membrane fluidity.

Chemiluminescence, a sensitive but nonspecific measure of free radical generation,

increased 40-70% when macrophages (3 x 106 cells/ml), mitochondria and

microsomes (1 mg/ml) were incubated with the three polyhalogenated cyclic

hydrocarbons (PCH).
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Maximum increases in chemiluminescence occurred within 5-10 min of incubation

and persisted for over 30 min. The cytochrome c reduction assay is most specific for

superoxide anion production. When hepatic mitochondria were incubated with

endrin and lindane for 15 min at 100 ng/ml, increases in cytochrome S reduction of

6.5- and 7.5-fold occurred, respectively, while when microsomes were incubated with

these same two PCH increases in cytochrome S reduction of 8.6- and 11.6-fold

occurred, respectively. When mitochondria, microsomes and macrophages were

incubated with TCDD under identical conditions, small increases in superoxide anion

production were detected.

Changes in microsomal membrane fluidity were determined spectrofluorometrically

following incubation with the three PCH using diphenyl-1,3,5-hexatriene as the

fluorescent probe. TCDD, endrin and lindane enhanced microsomal membrane

apparent microviscosity by 2.3-, 2.1-, and 2.5-fold, respectively, indicating a significant

decrease in membrane fluidity. The results clearly indicate that the three PCH

induce free radical formation, but superoxide anion production is enhanced more in

the presence of endrin and lindane than with TCDD.

VT. PRODUCTION OF REACTIVE OXYGEN SPECIES BY PERITONEAL

MACROPHAGES AND HEPATIC MITOCHONDRIA AND MICROSOMES FROM

ENDRIN-TREATED RATS

The above in vitro studies have indicated that incubation of rat peritoneal

macrophages, and hepatic mitochondria and microsomes results in the formation of
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reactive oxygen species. We have therefore assessed the ability of one of these PCH,

namely endrin, to induce iormation of reactive oxygen species when administered

directly to rats.

Endrin was administered in corn oil as a single oral dose of 4.5 mg/kg. The effects

of endrin on hepatic mitochondrial and microsomal lipid peroxidation and membrane

fluidity as well as the incidence of hepatic nuclear DNA damage were also examined.

Twenty-four hrs after endrin administration, significant increases in the production

of chemiluminescence by the three tissue fractions were observed. Furthermore,

peritoneal macrophages from endrin treated animals resulted in 3.0- and 2.8-fold

increases in cytochrome s and iodonitrotetrazolium (INT) reduction, indicating

enhanced production of superoxide anion. Endrin administration also resulted in

significant increases in lipid peroxidation of mitochondrial and microsomal

membranes as well as decreases in the fluidity of these two membranous fractions.

A significant increase in hepatic nuclear DNA single strand breaks also occurred in

response to endrin administration. The results indicate that macrophage,

mitochondria and microsomes produce reactive oxygen species following endrin

administration, and these reactive oxygen species may contribute to the toxic

manifestations of endrin.

VII. ENDRIN-INDUCED PRODUCTION OF NITRIC OXIDE BY RAT PERITONEAL

MACROPHAGES

Nitric oxide has been shown to be an important cellular transmitter in many
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biological systems. Kupffer cells, bone marrow and wound macrophages have the

capacity to release nitric oxide as nitrite. The synthesis of nitric oxide by

macrophages produce cytotoxic and cytostatic effects. The formation of nitric oxide

is an indicator of macrophage activation and the potential production of an oxidative

stress. Therefore, the effect of orml endrin administration to rats on the production

of nitric oxide (NO) by peritoneal macrophages was investigated. Nitric oxide

formation was measured as nitrite. Endrin (4.5 mg/kg) enhanced the secretion of

NO by approximately 300%. The effect of endrin on NO formation was both dose-

and time-dependent. Ellagic acid, which has been shown to be a potent antioxidant,

inhibited the elevation of NO production induced by endrin. These results suggest

that the toxicity of endrin may at least in part be due to the production of an

oxidative stress.

VIII. ENDRIN-INDUCED INCREASES IN HEPATIC LIPID PEROXIDATION,

MEMBRANE MICROVISCOSITY AND DNA DAMAGE IN RATS

The above studies have extensively documented that PCH induce an oxidative stress

which may contribute to the toxic manifestations of these xenobiotics. In order to

further assess the possible role of oxidative stress in the toxicity of the prototypical

PCH endrin, the dose- and time-dependent effects of endrin on hepatic lipid

peroxidation, membrane microviscosity and DNA damage in rats were examined.

Rats were treated with 0, 3.0, 4.5, or 6.0 mg endrin/kg as a single oral dose in corn

oil, and the animals were killed 0, 12, 24, 48 or 72 hrs post-treatment.
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Dose-dependent increases in hepatic mitochondrial and microsomal lipid

peroxidation and microviscosity as well as nuclear DNA single strand breaks were

observed as early as 12 hrs post.treatment. Maximum increases in these three

parameters occurred 24 hrs after endrin administration at all three doses. While the

incidence in DNA damage decreased with time after 24 hrs, the incidence of lipid

peroxidation and microviscosity of microsomal and mitochondrial membranes

remained relatively constant. Dose- and time-dependent increases in liver and spleen

weight/body weight ratios with decreases in thymus weight/body weight ratios were

observed. The data indicate that endrin administration induces hepatic lipid

peroxidation which may be responsible for the increased membrane microviscosity

as a result of membrane damage as well as enhanced DNA damage.

IX EFFECT OF ENDRIN ON THE HEPATIC DISTRIBUTION OF IRON AND

CALCIUM IN FEMALE RATS

A possible role between the cellular distribution of iron and the toxicity of PCH

which induce an oxidative stress may exist. The role of iron in the formation of

reactive oxygen species is well known. Furthermore, the probable role of calcium

ions in toxic cell injury has attracted extensive interest. For example, evidence

indicates that calcium play an important role in cell killing in the immune system.

Sustained increases in intracellular calcium can activate cytotoxic mechanisms

associated with irreversible cell injury which ultimately lead to cell death. The

perturbation of calcium homeostasis in toxicant-induced liver injury may be due to

permeability changes in plasma membranes or altered intracellular calcium
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distribution. In our studies, we have used endrin as a prototypical PCH, and have

examined its effects on iron and calcium distribution in hepatic mitochondria,

microsomes and nuclei of rats as a function of dose and time. The effect of vitamin

E succinate on endrin-induced alterations in iron and calcium homeostasis was also

assessed. H vitamin E succinate can prevent the effects of endrin, the use of this

antioxidant further supports the role of oxidative stress and reactive oxygen species

in the toxicity of endrin and therefore presumably other PCH.

Endrin in corn oil was administered orally to rats in single doses of 0, 3, 4.5, or 6

mg/kg, and the animals were killed at 0, 12, 24, 48, or 72 hrs post-treatment. Iron

and calcium were determined by atomic absorption spectroscopy. The administration

of endrin increased the iron content of microsomes and nuclei. Significant increases

occurred in the calcium content of mitochondria, microsomes, and nuclei. Thus, the

results indicate that with respect to the subcellular distribution of iron and calcium,

endrin produces differential effects.

Vitamin E succinate administration partially prevented the endrin-induced hepatic

alterations in iron and calcium homeostasis. Endrin also produced dose- and time-

dependent increases in the liver and spleen weight/body weight ratios, while

decreasing the thymus weight/body weight ratios. The altered distribution of calcium

and iron may contribute to the broad range of effects of endrin.
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Excretion of formaldehyde, malondialdehyde,
acetaldehyde and acetone in the urine of rats in response
to 2,3,7,8-tetrachlorodibenzo-p-dioxin, paraquat, endrin
and carbon tetrachloride

M. A. Shara. P. H. Dickson, D. Bagchi and S. J. Stohs*
SthooI u/_ Pharmacr and Allied Health Pro fetvtonx. Creilhton Universi,.s Health Sciences Center. Californita at 24th Street. Omaha.
NE 68178 (USA)

(First received September 17th. 1991: revised manuscript received January 8th. 1992)

ABSTRACT

Formaldehyde (FA). acetaldehyde (ACr1), malondialdebyde (MDA) and acetone (ACON) were simultaneously identified in urine.
anfd their excretion quantitated in response to chemically induced oxidative stress. Urine samples or female Sprague-Dawley rats were
collected over dry ice and derivauized with 2.4-dinitrophenylhydratine. The hydrazones of the four lip-d metabolic products were
quantitated by high-pe~rformance liquid chromatography on.a Waters 10-um p-Bondapak Cia column. The identities of FA. ACT.
MDA and ACON in urine were confirmed by gas chromatography-mass spectrometry. An oxidative stress was induce by orally
administering 100 pg/kg 2.3.7.8-tetrachlorodibenzo-p-dioxin. 75 mg/kg paraquat. 6 mg/kg endrin or 2.5 mlikg carbon tetrachloride to
rats. Urinary excretion of FA. ACT. MDA and ACON increased relative to control animals 24 h after treatment with all xenobioitics.
The system has wide-spread applicability to the investigation of altered lipid metabolismr in disease states and exposure to envi-
ronmental pollutants.

INTRODUCTON unsaturaied fatty acids. resulting in the oxidative
deterioration of the latter with the production of

The peroxidation of membrane lipids is associ- various breakdown products including alcohols.
ated with a wide variety of toxicological effects. aldehydes, ketones and ethers [4.51.
including decreased membrane fluidity and func- The detection of lipid peroxidation products in
tion. impaired m~itochondlrial and Golgi appara- the urine provides a non-invasive method of as-
tus functions, inhibition of enzymes associated -sessing lipid metabolism and oxidative stress.
with various organelles including the endoplas- Ekstrom er al. [6] reported the detection of urin-
mic reticulum, and impaired calcioum homeostasis ary malondialdlehyde (MDA) after denivatization
[1.21. In many human diseases, membrane dam- with 2.4-dinitrophenylhydrazine (DNPH). and
age often occurs in an organ or tissue, which pro- separation of the adducts by high-performance
yokes lipid peroxidation and accelerates the dis- liquid chromatography (HPLC). Identification
order [3]. When lipid peroxides and peroxidation of the hydrazone derivative of MDA was based
products accumulate, they leak from the organ or on HPLC retention time. Ekstrom el al. [71 also
tissue into the bloodstream and may be excreted confirmed the identity of the MDA hydrazone
in the urine [1.3]. Lipid peroxidatlon reflects the standard by means of mass spectrometry (MS).
interaction between molecular oxygen and poly- However. the identity of the MDA hydrazone

(1378-4347 92 S05.00 1992 Elsevier Science Publishers BYV. All rights reserved
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from urine which had been derivatized with Derivatiiation and extraction of lipid metabolites
DNPH was not confirmed by MS. Furthermore. DNPH was used as the derivatizing agent in
ne attempt was made to identify any of the other the identification and quantitation of urinary me-
peaks which could be separated by HPLC. In the tabolites. DNPH (310 mg) was dissolved in 100
present study. four lipid metabolites have been ml of 2 M hydrochloric acid to make the deyv-
i,e tifi.;d in the urine of rats by HPLC and gas atizing reagent. In 50-ml screw-capped PTFE-
chromatography-mass spectrometry (GC-MS). lined tubes. 1.0-ml aliquots of urine, 8.8 ml of
and the effect of free radical-induced cell injury water and 0.20 ml (3.13 pmol) of DNPH reagent
by 2.3.7.8-tetrachlorodibenzo-p-dioxin (TCDD). were mixed, followed by the addition of 20 ml of
paraquat, endrin and carbon tetrachloride on the pentane. The tubes were intermittently shaken
excretion of these metabolites has betn examin- for 30 min. and the organic phases were removed.
ed. The aqueous phases were extracted with addi-

tional 20-ml aliquots of pentane. The pentane ex-
EXPERIMENTAL tracts were combined. evaporated under a stream

of nitrogen in a 37"C water bath and reconstitut-
Animals ed in 0.40 ml of acetonitrile. A 20-il aliquot of

Female Sprague-Dawley rats. weighing 140- each sample was injected onto the HPLC column
160 g (Sasco. Omaha. NE. USA). were used in and the peaks were isocratically eluted as de-
these studies. All animals were acclimated three scribed below.
to five days prior to use. TCDD was obtained
from the Chemical Resource Program, National High-performance liquid chromatography
Cancer Institute (Bethesda. MD. USA). TCDD The HPLC system consisted of a Waters Mod-
was dissolved in corn oil containing 10% ace- el 510 pump (Milford. MA. USA). a Model U6K
tone. and was administered intragastrically at a Waters loop injector, a Waters p-Bondapak CIs
single dose of 100 pg/kg [8]. The herbicide para- (10 pm particle size. 125 A, 30 cm x 3.9 mm
quat was dissolved in water and given orally at a I.D.) reversed-phase column fitted with a Rainin
single dose of 75 mgikg [1.91. The chlorinated cy- RP-18. 5-pmr OD-GU pre-column (Rainin. Wo-
clodiene insecticiae endrin (101 and carbon tetra- burn. MA. USA). a Waters Model 484 tunable
chloride [1.111 were dissolved in corn oil and ad- absorbance detector and a Fisher Recordall (Se-
ministered orally at single doses of 6.0 mg/kg and ries 5000) strip chart recorder. The acetonitrile-
2.5 ml/kg. respectively. Control animals received water (49:5!. v/v) mobile phase was filtered
the corresponding vehicles, through a Rainin Nylon-66 mcmbrane filter (0.45

jum pore size). degassed using a Millipore filtra-
Urine collection tion kit (Rainin) and pumped at a flow-rate of I

Rats were placed in metabolism cages (Nal- mlimin. The detector was set at a wavelength of
gene. Rochester. NY, USA) for urine collection 330 nm and 0.01 absorbance units full scale
between 21.75 and 26.25 h after treatment. Dur- (a.u.f.s.). The chart recorder speed was 0.25 cm/
ing urine collection. the animals were allowed min. Following injection of a sample. the isocrat-
free access to tap water but received no food. The ic ciution was carried out for 40 rin.
urine-collecting vessels were positioned over sty-
rofoam containers filled with dry ice which per- HYdra:one stundards
mitted the collection of urine in the frozen state Synthetic hydrazone derivatives were prepared
over the 4.5-h period. The collected urine was al- by reacting 30 ml of DNPH stock solution with
so free from contamination of food particles an excess (1-3 mmol) of formaldehyde (FA).
since the arimals received no food during the acetaldehyde (ACT). MDA or acetone (ACON).
urine collection period. The reaction proceeded rapidly at room temper-



EXCRETION OF FA. MDA. ACT XND ACON 223

uture. The precipitated hydrazones were filtered. ion source temperature was 180"C. and the ion-
dried and recrystallized from methanol. Solu- ization energy was 70 eV. The system was €ou-
tions containing 50 ngipl of the four synthetic pled to a Data General Model DG 10 computer
hydrazones were prepared ard chromatographed (Southboro. MA. USA) and a Printronix Model
as described above. Urine samples were spiked MVP printer (Irvine. CA. USA).
with known amounts of each of the synthetic hy- For GC-MS analysis. the four hydrazone de-
drazones to identify and/or confirm the urinary rivatives of FA. ACT, MDA and ACON were
hydrazones by HPLC co-elution. dissolved in chloroform (SO ng/pl). Similarly. hy-

Acetonitrile solutions (100 ug/ml) of the four drazine-derivatized urine samples were rccois~i-
synthetic hydrazones were prepared. and a UV- tuted in chloroform. Samples (2 p1) of standards
visible scan between 500 and 300 nnm was ob- and extracts were injected onto the GC-MS sys-
tained in a Perkin-Elmer Lambda 6 spectropho- tern.
tometer in order to determine the absorption Following the full-spectrum identification of
maxima for the four hydrazones. each of the hydrazones. a selective ion monitor-

To calculate the percentage extraction recov- ing (SIM) program was prepared. and additional
eries. 0.0.5. I. 2. 3 or 5 pg of each of the synthetic spectra were obtained in the SIM mode.
hydrazones of FA, ACT, MDA and ACON were
added to 1.0-ml urine samples obtained from Statistical methods
control animals during a single collection. The Significance between pairs of mean values was
same extraction procedure described above was determined by Student's I-test. A P < 0.05 was
applied and the percent recoveries were calculat- considered significant for all analyses.
ed.

RESULTS

Gas chromatographv-mass spectromeirr
In order to determine the identity of lipid ex- Identification of urinary lipid metabolites

cretion products in the urine. GC-MS analyses Utilizing HPLC and GC co-elutior. methods as
were performed. The GC-MS system consisted well as MS techniques. MDA. FA. ACT and
of a Hewlett-Packard Model 5890 gas chromato- ACON were identified as urinary lipid metabo-
graph (Fullerton. CA. USA) with a 15 m x 0.32 lites.
mm I.D. capillary column 0.25 pm film thickness UV-visible scan studies indicated that the ab-
(Supelco SPB-5. Bellefonte. PA. USA) which was sorption maxima of the four sythetic hydrazones
connected directly to the mass spectrometer via a of MDA, FA. ACT and ACON were 307. 349.
heated transfer line. The transfer line temper- 359 and 362 nm. respectively. Therefore. 330 nm
ature was maintained at 250°C. The carrier gas was routinely used to monitor these compounds
was helium at an average linear velocity of 65.8 by HPLC. The extraction recoveries of the
cm/s. and the injector temperature was 230"C. MDA. FA. ACT and ACON hydrazones were
The injector was operated in the splitless mode. A 74. 78. 88 and 91%. respectively, based on studies
temperature program was used which consisted involving the addition of known amounts of the
of a starting temperature of 75*C which was in- hydrazone derivatives to control urine.
creased to 175"C at increments of 25"C/min. Be- Fig. IA depicts a typical HPLC profile of the
tween 175 and 200°C the temperature was in- four hydrazone standards, while Fig. I B and C
creased at a rate of 5°C:min. and finally to 300"C contain representative HPLC profiles form urine
at increments of 25°C/min. The mass spectrom. of control and TCDD-treated rats, respecti vely.
eter was a Finnigan-MAT Model 50 B quadru- Fig. 2A is a typical GC-MS elution profile of the
pole instrument (Palo Alto. CA. USA) in combi- hydrazones of standard FA. ACT. MDA and
nation with an INCOS data system. The instru- ACON. The retention times for the standards ex-
ment was set on electron ionization mode. The actly corresponded with ihe chromatographic
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Fig. I. Chromatograms of DNPH derivalives of malondialdehyde (MDA). formaldehyde (FA). acclaldchyde (ACT) and acetone

IACON) (A) Standards; (B) urine from control animals: (C) urine from TCDD-treated animals. A 20-pl volume of each sample was

injectd.

peaks for extracts of urine, and co-elution oc- two peaks (6.3 and 6.6 min). corresponding to its
curred when the standards were added to the svn and anti isomers which were separated by GC
urine samples for both HPLC and GC. Urine but not by HPLC (Figs. IA and 2A).
samples were also spiked with synthetic hydra- The MS data for the four lipid metabolites are
zone samples to identify and confirm the urinary presented in Figs. 3-6. The molecular ions 210.
hydrazones by co-elution. 234. 224 and 238 of the synthetic hydrazones of

The order of elution of the four hydrazones FA. MDA. ACT and ACON. respectively, were
upon GC w:is similar but not identical to that of identified (Figs. 3A. 4A, 5A and 6A). The same
the HPLC. Fig. 2B is a typical full-scanning GC- molecular ions were demonstrated in extracts of
MS profile of the hydrazone derivatives extracted urine samples following GC--MS (Figs. 3B. 4B.
from a urine sample. There are two notable dif- 5B and 68). It should be rioted that the MS of
ferences as compared to the HPLC profile. The urinary MDA (Fig. 4B) also contains peaks of
FA derivative (5.4 min) eluted first upon GC. and FA since the GC separation of the MDA and FA
the ACON derivative (7.4 min) eluted last. The was incomplete. However. the results clearly
order of" GC elution of MDA and FA was re- show that FA. MDA. ACT and ACON were ex-
versed in contrast to the order observed on creted in the urine of rats.
HPLC. In addition, the ACT derivative t&:hibited SIM was also used to provide further confir-
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accone IACON) %tandards (18) full-scanning GC-MS of rat urine.
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mation of the identity of the four lipid metabo- points having a very small standard deviation.
lites in urine. Ion chromatograms for a mixture The r values were 0.9917 for MDA, 0.9867 for
of the hydrazones of the four reference standards FA, 0.9798 for ACT and 0.9853 for ACON.
and an extract of urine are presented in Fig. 7A
and B, respectively. The ions which were selected Quantitation of urinary lipid metabolites
in this display mode are 158 and 234 for MDA. GC is not ideal for quantitation because of
210 for FA. 224 for ACT and 238 for ACON. A poor peak shape of the hydrazone derivatives.
comparison of Fig. 7A and B clearly demon- but it is sufficient for identification by GC-MS.
strates that the mass ions produced by the four The hydrazone samples are well chromato-
standards were associated with the components graphed by HPLC and thus were used for quanti-
of urine that were separated by GC. The results tation. The accuracy of the HPLC quantitation
provide further confirmation of the identities of technique was determined by standard addition
the four lipid metabolites in the urine of rats. technique. Addition of even 5 pmol of any of

these hydrazone derivatives was accurately re-
Construction of calibration curves flected in the peak heights. The limits of detection

Calibration curves for each of the synthetic hy- for MDA. FA. ACT and ACON were 2. 0.5. 0.3
drazones, namely MDA. FA. ACT and ACON. and 0.2 pmol injected, respectively.
were generated. The concentrations for each Previous studies by Ekstrom et al. [7) have
standard which were injected and chromato- quantitated the urinary excretion of MDA by
graphed were 0.5, I. 2. 4. 10, 20 nmol/ml for HPLC following treatment with hydroquinone
MDA hydrazone. 5. 10. 20, 40. 60. 100 nmol/ml and chloroform. No other urinary lipid perox-
for FA hydrazone and I. 2. 5. 10. 25 and 50 idation products were examined or identified.
nmol/ml of ACT and ACON hydrazone stan- However, several large peaks eluting downfield
dards. Each dilution was injected and chromato- from the MDA peak are readily observable on
graphed in triplicate. The concentrations of each the HPLC profile published by Ekstrom et al. [7]
standard, MDA. FA. ACT and ACON hydra- but were not identified,
zones. were plotted against the peak height ob- The results in Table I provide quantitative data
tained. Peak heights were directly proportional for control, and TCDD-, paraquat-. endrin- and
to the amount of hydrazone injected. In each carbon tetrachloride-treated animals 24 h post-
case, the calibration line was linear, with all treatment. The results are presented as nmolikg

TABLE I

EXCRETION OF MALONDIALDEHYDE. FORMALDEHYDE. ACETALDEHYDE AND ACETONE BY RATS TREATED
WITH ENDRIN. CARBON TETRACHLORIDE. PARAQUAT AND TCDD

Each value is the mean of four animals. Urine was collected from 21.75 h to 26.25 h post-treatment (4.5 h).

Excretion Excretion inmol kg body wcight per 4.5 h)
product

Control Endrin- Carbon Paraquat- TCDD-
treated tetrachloridc-trcated treated treated
(6 mg kg) (2.5 ml kg) (75 mg kg) II00upg kg)

Malondialdehyde 1.45 * 0.23 3.67 ± 0.311 1.94 * 0.261 3.69 * 0..35 1.77 4t 0.16
Formaldehyde 32.87 + 2.11 70.60 * 4.81" 43.56 * 3.52' 13.61 5.91' 49.31 ± 3.58'
Acetaldehyde 1.77 ± 0.28 3.41 ± 0 29' 2.31 ± 0.321 7 25 ± 0.54' 2.49 ± 0.20'
Acetone 2.81 ± 0.31 7.92 ± 0.47' 5 71 ± 0.571 -0.01 ± 2.13' 5.29 ± 0.63"

" P < 0.05 with respect to the control group.
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body weight per 4.5 h. As can be seen. these four tify any of the other peaks clearly present on the
toxicants produced varying increases in the ex- UV-visible trace of the chromatograph.
cretion of MDA, FA. ACT and ACON as corn- Serum MDA has been identified by Kawai et
pared to the results for control animals. Of the al. [ 13] using similar HPLC techniques to those of
four metabolites, FA was excreted in the greatest Ekstrom et at. [7]. while Largilliere and Melan-
amount. The greatest increase (10.7-fold) in the con [14] determined free MDA in plasma by
excretion of the four metabolites occurred with HPLC. Lee and Csallany [IS] have assessed free
ACON in response to paraquat. Paraquat ad- MDA in rat liver by HPLC. Tomita et al. [161
ministration also resulted in a 2.4-fold increase in reported a method for the determination of urin-
ACT excretion, while paraquat and endrin pro- ary MDA by means of GC and electron-capture
duced 2.2- and 2. 1-fold increases in FA excretion. detection utilizing pentafluorophenylhydrazine

as the derivatizing agent. Poli et al. [1 7] identified
DISCUSSION MDA. 4-hydroxynonenal. propanol. butanone

and hexanal in liver utilizing a combination of
FA. ACT. MDA and ACON have been identi- thin-layer chromatography and HPLC tech-

fled and quantitated in the urine of rats employ- niques. However. FA. ACT and ACON were not
ing a single HPLC system. Furthermore, four identified.
toxicants with apparently different mechanisms Free ACT in blood has been determined as the
of free radical-induced cell injury [1.8,10] all en- DNPH derivative by HPLC [18]. Formaldehyde
hance the excretion of these four lipid metabo- and ACT have been identified in urban air [19]
lites (Table 1). Direct comparisons of urinary lip- and industrial surfactants [20] as their DNPH de-
id metabolites in response to the four toxicants rivatives by HPLC. However, these procedures
cannot be made since the effects are dependent have not been applied to biological samples.
upon dose and the differing toxicokinetics of The sources of the four lipid metabolites which
each xenobiotic. Furthermore, urine collections have been identified are not entirely clear. The
were made at only a single interval, increases in these products may be due to either

Previous studies have identified MDA in vari- lipid peroxidation or /3-oxidation. Dhanakoti
ous biological matrices by means of diverse chro- and Draper [I I] demonstrated that urinary MDA
matographic techniques. Draper et al. [121 ap- excretion was enhanced following administration
plied HPLC pr6cedures to thiobarbituric acid- of the known liver toxin carbon tetrachloride and
derivatized urine samples and were able to identi- the free radical generating anthracycline antine-
fy low levels of MDA after an acid hydrolysis oplastic antibiotic adriarnycin. Furthermore. the
procedure was applied. Alterations in free MDA fate of radiolabeled MDA administered to rats
levels in the urine of rats treated with the herbi- was examined. MDA appeared to be extensively
cide paiaquat have been reported by Tomita ct metabolized to acetate and carbon dioxide.
al. !91. Paraquat is known for its redox cycling Based on these observations, the urinary acetal-
and ability to induce an oxidative stress [9]. dehyde identified in this study may arise from the

Ekstrom et al. [6] reported the detection of breakdown of MDA which is formed due to lipid
urinary MDA after derivatizing with DNPH and peroxidation. Previous studics have shown that
separating the adducts by HPLC procedures. The TCDD [20]. paraquat [I]. carbon tetrachloride [I]
identity of the MDA hydrazone was confirmed and endrin [10] produce marked increases in the
only by retention time. Later. Ekstrom et al. [7] formation of MDA and other thiobarbituric acid
confirmed the identity of the MDA hydrazone reactive substances in the liver.
derivative standard by means of MS. However. The enhanced formation of ACON in response
the identity of MDA from urine which had been to disease states such as diabetes as a conse-
derivatized with DNPH was not confirmed by quence of enhanced fl-oxidation is also well
MS. Furthermore. no attempt was made to iden- known (21]. Winters et al. [22] reported that rat
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Effect of Endrin on the Hepatic Distribution of Iron
and Calcium in Female Sprague-Dawley Rats
D. Bagchi, M. Bagchi, E. Hassoun, and S. I. Stohs
Dparmients of Pharmaceutical Sciences and PharmacoloW, CndihN University Health Sciences Center Omaha. NE 68178, LISA

ABSTRACT have indicated that microsomal lipid peroxidation
The distribution of iron and calcium in hepatic sub- induced by endrin requires iron and reactive oxygen
cellular fractions of female rats treated with endrin species are involved (unpublished observations).
(1,2,3,4,10, 10-hexachloro-6,7-epoxy.1,4,4a,S,6,7,8,Sa- Morehouse et at. (5) have demon-strated that iron is
octahydroendo,endo-1,4:5,8-dimetaaoonaphthalene) involved in microsomal lipid peroxidation through
was determined. Endrin in corn oil was adatinistered free radical formation. Therefore, a relationship
orally to rats in single doses of 3, 43,or 6 mg/kg. and
the animals were killed at 0, 12, 24, 48, or 72 hr post. between cellular iron and the toxicity of endrin may

treatment. Iron and calcium were determined by exist.

atomic absorption spectroscopy. The administration The administration of xenobiotics such as carbon

of endrin increased the iron content of mitochondria tetrachloride, paraquat, and menadione to rats in

and decreased the iron content of microsomes and toxic doses produces an elevation of hepatic intracel-
nudeL Significant increases occured in the calcium lular calcium levels (6) and perturbs intracellular cal.
content of mitochondria, microsomes, and nuclei. cium compartmentation in the liver (7). Recently, the
Thus, the results indicate that with fespect to the sub- probable role of calcium ions in toxic cell injury has
cellular distribution of iron and calcium, endrin pro- attracted extensive interest (8). For example, evidence
duces differential effects. Vitamin E succinate admin- indicates that calcium plays an important role in cell
istration partially prevented the endrin-induced killing in the immune system (9). Sustained increases
hepatic alterations in Iron and calcium homeostasis.
Endrin also produced dose. and time-dependent in intracellular calcium can activate cytutoxic mecha-

increases in the liver and spleen welght/body weight nisms associated with irreversible cell injury which
ratios, while decreas. " ymus weight/body ultimately lead to cell death (8-11). This effect can be
weight ratios. The altern .jution of calcium and induced by various chemicals, biologic toxins, min-
iron may contribute to the oroad range of effects of eral particles, and ischemia (11). The perturbation
endrin. of calcium homeostasis in toxicant-induced liver

injury may be due to permeability changes in plasma
KtY wows: Endrin, Female Sprague-Dawley Rats, membranes (12) or altered intracellular calcium dis-
Iron, Calcium, Vitamin E Succinate. triblition (13).

In this study we have examined the effect of
endrin on iron and calcium levels in hepatic mito-

INTRODUCTION chcndria, microsomes and nuclei of rats as a function
of dose and time. The effect of vitamin E succlnate on

Endrin (l,2,3,4,10,10-hexachloro-6,7-epoxy- 1,4,4a, endrin-induced alterations in iron and calcium home-
5,6,7,8,8a-octahydro-endo,endo-1,4:5,8-dimetha nonr- ostasis was also assessed.
aphthalene) is a highly toxic chlorinated cyclodiene
insecticide having a broader spectrum of activity than
most other cyclodienes such as dieldrin and aldrin
(1,2). Recent studies have shown that endrin induces MATERIALS AND METHODS
lipid peroxidation in hepatic and extrahepatic tissues
(3,4) as demonstrated by an increase in maiondialde- Chemicals
hyde content. Preliminary studies in our laboratory Endrin was obtained from Supelco, Inc.,

Received August 5, 1991 Bellefonte, PA. All other chemicals used in the study

Address correspondence to Dr. S J. Stohs. School of Pharmacy were obtained from Sigma Chemical Co., St. Louis,

and Allied Health Professions. Creighton University Health MO., and were of analytical grade or the highest grade
Snences Center, California at 24th Street, Omaha, NE 68178, USA available.
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•'M" content of hepatic mitochondria. Seventy-two hours
posttreatment, the iron content of hepatic nuclei

3.0 18 decreased by 5.8%, 8.5%, and 10.0% after the adminis-

30 tration of 3, 4.5, and 6.0 mg endrin per kilogram,
0 respectively, relative to control values (Figure IA).

Seventy-two hours after the administration of 3, 4.5,

2.0 and 6.0 mg endrin per kilogram, hepatic mitochon-
drial iron content increased by 42%, 65%, and 78%,
respectively, as compared to control values (Figure

12 1B). Under these same conditions, the microsomal
0 - ,iron content decreased by approximately 28%, 43%,

0 2 24 36 48 60 72 and 48%, respectively (Figure IC).

TIME (HOURS) POST-TREATMENT The dose- and time-dependent effects of endrin
on hepatic calcium distribution are presented in
Figure 2. Endrin administration resulted in increases
in the calcium content of nuclei, mitochondria, and

E14oRIN microsomes. Seventy-two hours after the administra-

0 0 cium content of nuclei increased by approximately
14 10%, 15%, and 20%, respectively, relative to control

33 values (Figure 2A), while the mitochondrial calcium
content increased 23%, 29%, and 33%, respectively

12 (Figure 2B). Under these same conditions, the micro-
.0 somal calcium content increased approximately 24%,

35%, and 48%, respectively, as compared to control
Wý- W values (Figure 2C).

The effects of pretreating rats for 3 days with 100
mg vitanin E succinate per kilogram on the iron and
calcium distribution in mitochondria, microsomes,

U 0 I 1 1 1 1 and nuclei 24 hr' after the administration of 4.5 mg
0 12 24 36 48 60 72 endrin per kilogram are presented in Figure 3.

TIME (HOURS) POST TREATMENT

a Nb
1446

ENORtoN 
L;''

(MG KG)

40 I kEIHkE

0 WJ

! 0

0 12 24 36 48 60 72 [ C) *O. m vW WAM0.04•5LC .AT, 1 , j v,1W.I

TIME IHOURS) POe' TREATMENT FIGURE 3. Effect of endrin and vitamin E succinate on hepatic
iron and calcium content: (A) mitochondrial iron content, (8)

FIGURE 2. Hepatic calcium content as a function of endrin dose microsomal iron content, (C) iron content in nuclei, (D)
and time post-treatment: (A) nuclei, (B) mitochondria, and (C) mitochondrial calcium content, (E) microsomal calcium content,
microsomes. and (F) calcium content In nuclei.
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Vitamin E succinate alone had no effect on the iron or body weight ratio increased 11%, 25%, and 30%,
caldum distribution in the three hepatic subcellular respectively. Under the same conditions, the thymus
fractions. Vitamin E succinate also had no effect on weight/body weight ratio decreased by 31%, 51%,
the iron (Figure 3C) or calcium (Figure 3F) distribu- and 60%, respectively.
tion in nuclei of animals treated with endrin. Vitamin
E succirate significantly decreased (8.5%) the endrin-
induced increase in mitochondrial iron content DISCUSSION
(Figure 3A) and significantly reversed (9.5%) the
endrin-induced decrease in microsomal iron content Endrin is a widely used, chlorinated, cyclodiene
(Figure 3B). However, the iron content of mitochon, insecticide which produces hepatotoxicity and neuro-
dri.- from animals receiving both vitamin E succinate toxicity. Previous studies have shown that lipid perox-
and endrin was significantly above control values idation and glutathione depletion occur as the result
while the iron content of microsomes from endrin and of endrin administration to rats (3,4). Furthermore,
vitamin E succinate-treated animals was still signifi- endrin decreases the activity of selenium-dependent
cantly below control values. Vitamin E succinate glutathione peroxidase (4). The antioxidants butylated
reversed the endrin-induced increases in calcium con- hydroxyanisole (BHA), vitamin C, vitamin E, and the
tent of mitochondria (Figure 3D) and microsomes glutathione precursor cysteine significantly inhibit
(Figure 3E), but the decreases were not significant. hepatic glutathione depletion and lipid peroxidation

The dose- and time-dependent effects of endrin (3). These results suggest but do not prove that free
on liver, thymus, and spleen weight to body weight radical-mediated lipid peroxidation and glutathione
ratios are presented in Table 1. Endrin administration depletion may be involved in the toxic manifestations
resulted in dose. and time-dependent increases in the of endrin.
liver/body weight and spleen/body weight ratios The role of iron in lipid peroxidation, the forma-
while producing significant decreases in the thy- tion of reactive oxygen species and the subsequent
mus/body weight ratio. For example, 72 hr after the decrease in glutathione content is well known (17,18).
administration of 3, 4.5, and 6 mg endrin/kg, the liver The results in Figure 1 clearly demonstrate that
weight/body weight ratio increased approximately 9, endrin produces differential effects with respect to the
22, and 25%, respectively, while the spleen weight/ hepatic subcellular distribution of iron. The iron con-

TABLE 1. Ratios of Liver, Thymus, and Spleen Weights to Body Weight in Response to
Endrin Administration'

Dose Hours Liver Thnymus Spleen
(mg/kg) Post. Wright/Body Weight/Body Weight/Body

treatment Weight Weight Weight
(X 100) (x 100) (X 100)

Control - 3.42 a 0.19 0.25 * 0.02 0.25 * 0.01

3 12 3.49 * 0.13 0.25 * 0.01 0.24 * 0.01
4.5 12 3.61 2 0.08 0.24 *0.01 0.26 a 0.02
6 12 3.71 a 0.05" 0.22 * 0.01 0.26 a 0.01

3 24 3.68 a 0.06" 0.23 * 0.01' 0.25 a 0.01
4.5 24 3.78 a 0.08' 0.20 * 0.01' 0.27 * 0.01'
6 24 3.83 a 0.19' 0.18 a 0-02' 0-29 a 0.01'

3 48 3.74 0.08' 0.20 * 0.02' 0.26 a 0.01
4.5 48 3.92 a 0.07' 0.17 * 0.01' 0.29 * 0.02'
6 48 4.12 a 0.16' 0.13 * 0.01' 0.30 * 0.01'

3 72 3.80 a 0.07' 0.18 a 0.01' 0.27 a 0.01'
4.5 72 4.18 a 0.09' 0.13 * 0.02' 0.31 a 0.01'
6 72 4.26 a 0.15' 0.10 2 0.01' 0.32 a 0.02'

ORats were killed at 0, 12, 24, 48, or 72 hr after the oral administration of 0, 3, 4.5, or 6 mg endrin/k& Fach value is
the mean a SD from four rats."p < 0.05 with reapect to the control values.
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tent of both nuclei (Figure IA) and microsomes effective antioxidant and inhibitor of lipid peroxida-
(Figure IC) decreases while hepatic mitochondrial tion (24). Furthermore, previous studies have shown
iron content increases (Figure IB). These effects were that vitamin E can effectively prevent endrin-induced
both dose- and time-dependent. lipid peroxidation, glutathione depletion, and lethal-

Previous studies have shown that another poly- ity in rats (3). Thus, the effect of vitamin E succinate
halogenated cyclic hydrocarbon, 2,3,7,8-tetrachloro- on the hepatic subcellular distribution of both iron
dlbenzo-p-dioxin (TCDD), also alters iron distribution and calcium in endrin-treated rats was examined
in mitochondria and microsomes in a manner similar (Figure 3). The administration of vitamin E succinate
to the results observed for endrin in Figure 1 (19-21). (100 mg/kg) for 3 days prior to the administration of
TCDD produces a decrease in microsomua iron content 4.5 mg endrin/kg partially prevented the endrin-
while increasing mitochondrial iron content. Of inter- induced effects on the distribution of both iron and
est is the fact that TCDD produces an increase in both calcium in liver 24 hr post administration of endrin.
microsomal and mitochondrial lipid peroxidation Although previous studies have shown that vitamin E
although the iron content of microsomes decreases could completely prevent endrin-induced lipid perox-
(20,21). Studies in our laboratory have also shown that idation, complete inhibition of altercd iron and cal-
endrin increases microsomal and mitochondrial lipid cium homeostasis by vitramin E succinate was not
peroxidation (unpublished observations), observed. The difference in the two studies may be

Wahba et al. (20) have shown that TCDD adminis- related to the fact that vitamin E was used in the lipid
tration to rats results in an increase in the amount of peroxidation investigation (3), while in the current
free or catalytically active iron associated with micro- study vitamin E succinate was employed.
somes, although the total iron content decreases, The results in Table 1 demonstrate that ertdrin
which may account for the increase in TCDD-induced administration produces dose- and time-dependent
microsomal lipid peroxidation. Endrin may produce a increases in the liver and spleen weight/body weight
similar effect with respect to the amount of catalyti- ratios while decreasing the thymus weight to body
cally active or available iron. weight ratio. Previous studies have shown that other

Endrin produced both dose- and time-dependent polyhalogenated cyclic hydrocarbons increase liver
increases in the amount of calcium associated with the weight through lipid mobilization and fatty infiltra-
hepatic mitochondrial, microsomal, and nuclear frac- tion (25-27). The induction of thymic involution is
tions of rats (Figure 2). The greatest increases in cal- also characteristic of polyhalogenated cyclic hydrocar-
cium content were associated with the microsomes bozis (28). Thus, responses in organ weights are char-
(Figure 2C) and mnitochondria (Figure 2B). AI-Bayati et acteristic of other polyha'ogenated, cyclic, but struc-
al. (22) have also shown that TCDD induces dose- and turally dissimilar hydrocarbons.
time-dependent increases in mitochondrial and In summary, endrin induces selective alterations
microsomal calcium content. Thus, endrin produces in hepatic iron and calcium homeostasis. The effects
similar alterations in the hepatic distribution of iron induced by endrin in hepatic mitochondria and micro-
and calcium as compared to TCDD. The activation of somes are similar to the changes which are produced
cellulolytic enzymes including proteases, endonucle- by another toxic polycyclic halogenated hydrocarbon,
ases, and phospholipases by elevated intracellular cal- TCDD. Altered calcium homeostasis, induction of
cium levels is well known (23). Therefore, the ele- lipid peroxidation, decreased glutathione content, and
vated intracellular calcium levels may contribute to inhibition of glutathione peroxidase may be character-
the hepatotoxicity associated with endrin. istics of many polycyclic halogenated hydrocarbons.

The relationship between the enhanced lipid per- All these effects may be related to induction of an
oxidation and intracellular calcium accumulation oxidative stress in association with the production of
induced by endrin is not clear. Whether the influx of the toxic manifestations by these compounds.
calcium is associated with plasma membrane damage
due to lipid peroxidation or whether the increased
lipid peroxidation and influx of calcium are two unre-
lated events remains to be determined. The cause or
effect relationship between lipid peroxidation and the
altered calcium homeostasis with the toxic manifes-
tations of endrin also remains to be deteimined. ACKNOWLEDGMENTS
However, it is clear that both enhanced lipid peroxida-
tion and altered calcium homeostasis ultimately con- This study was supported in part by grant num-
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Endrin-Induced Increases in Hepatic Lipid Peroxidation, Membrane Microviscosity,
and DNA Damage in Rats

M. Bagchi. E. A. Hassoun, D. Bagchi, and S. J. Stohs'

Departments of Pharmaceutical Sciences and Pha-macology, Creighton University Health Sciences Center, Omaha, Nebraska 68178. USA

Abstract. Endrin is a polyhalogenated cyclic hydrocarbon pes- suggested that the toxicity of endrin and its con~geners may be
ticide which produces hepatic and neurologic toxicity. Previous due to oxidative stress (Numan et al. 1990a; 1990b). The extent
studies have indicated that endrin induces hepatic lipid peroxi- of endrin-induced lipid peroxidation correlates well with the
dation. In order to further assess the possible role of lipid degree of histopathological changes in the liver (Hassan et al.
peroxidation in the toxicity of endrin, the dose- and time- 1991).
dependent effects of endrin on hepa.ic lipid peroxidation, mem- The source of the reactive oxygen species and/or free radicals
brane microviscosity and DNA damage in rats were examined, involved in the endrin induced lipid peroxidation is not known.
Rats were treated with 0, 3.0, 4.5. or 6.0 mg endrin/kg as a However. dieldrin activates neutrophils, resulting in a signifi-
single oral dose in corn oil, and the animals were killed 0, 12, cant increase in the release of superoxide anion (Hewett and
24, 48, or 72 h post-treatment. Dose-dependent increases in Roth 1990). Furthermore, the cytochrmme P-450 system may
hepatic mitochondrial and microsomal lipid peroxidation and be involved in the formation of oxidative and reactive metabo-
microviscosity as well as nuclear DNA single strand breaks lites of the cyclodiene insecticides (Brooks 1976). or these
were observed as early as 12 h post-treatment. Maximum in- compounds may facilitate the formation of reactive oxygen
creases in these three parameters occurred 24 h after endrin species by the cytochrome P-450 system.
administration at all three doses. While the incidence in DNA In the present study, we have examined the effects of endrin
damage decreased with time after 24 h, the incidence of lipid on hepatic lipid peroxidation, the formation of DNA single
peroxidation and microviscosity of microsomal and mitochon- strand breaks, and alterations in mitochondrial and microsomal
drial membranes remained relatively constant. Dose- and time- membrane fluidity. These parameters constitute indices of oxi-
dependent increases in liver and spleen weightlbody weight dative stress and tissue damage.
ratios with decreases in thymus weight/body weight ratios were
observed. The data indicate that endrin administration induces
hepatic lipid peroxidation which may be responsible for the Materials and Methods
increased membrane microviscosity as a result of membrane
damage as well as enhanced DNA damage. Animals and Treatment

Female Sprague-Dawley rats weighing 140-160 g (Sasco, Inc..
Omaha. NE) were used in these studies. Upon delivery, animals wereEndrn (I,2,3,4,I0, lO-hexachloro-6,7-epoxy-1,4,4a,5,6,7,8, randomized, weighed and assigned to experimental groups. The ani-

8a-octwhydro-endo,endo-l1,4:5,8-dimethanonaphthalene) is one mals were housed in stainless cages and maintained under a controlled
of the most highly toxic members of the cyclodiene insecticides environment (temp 2 1IC, light cycle 6 a.m. to 6 p.m.). All animals
(Matsumura 1976; Murphy 1986). Endrin and related corn- were allowed free access to food (Purina Lab Chow) and tap water, and
pounds, such as aldrin and dieldrin, produce hepatotoxicity, were acclimated for 4-5 days prior to experimental use. The rats were
nephrotoxicity and neurotoxicity. Previous studies have shown treated with 3, 4.5. or 6 mg endrin/kg body weight p.o. in corn oil and
that endrin induces lipid peroxidation in liver and kidneys with killed 0. 12. 24, 48. or 72 h post-treatment. Control animals received
a concomitant decrease in the glutathione content of these or- the corn oil vehicle Endrin was obtained from Supelco, Inc. (Belle-
gans (Numan et al. 1990a, 1990b). In addition, the enzyme fonte. PA) and had a purity >98%. All other chemicals and supplies

glutathione peroxidase is inhibited by endrin (Numan et al. utilized in these studies were reagent grade and obtained from Sigma

1990a)t Chemical Co. (St. Louis, MO).

Although the precise site and mechanism of action of toxicity
of the chlorinated cyclodienes are not known (Murphy 1986; Preparation of Mitochondria and Microsomes
Brooks 1976; Saffioti and Terrachini 1979), recent studies have

Animals were decapitated. Livers were quickly removed and kept in
'To whom correspondence should be addressed. ice cold 50 mM Tris HCI buffer (pH 7.4) containing 150 mM KCI, I
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mM BDTA. I mM dithiothireltol, and 10% glycerol (Casas et al.
1985). LUvers were homogenized with 5 ml buffring of tissue in a Potter 10
Elvebjem homogenizer fitted with Teflon pestle (four 30 s strokes). SNO

Subcellular firactionatio was achieved by differential centrifugation. W 9
Nuclei and cellular debris were removed by centinfuging at 1000 g for
10 min in a Sorvall RC2-B refrigerated centrifuge at 0-4*C. The
supernatant friactions were centrifuged at 10,000 g foir 30 min. The 30

resultant miitochondriis pellets were washed twice with the Tris KCI
buffer, pH 7.4. The 10,000 g supernatant fractions were centrifuged
for 60min iii a Beckman L3-30 ultracentrifuge at 10,000 g and 0-4*C.
The resultant microsomald pellets were washed once and resuspended in 5-S
lm!of the Tuis KCIbuffer, pi7.4.Protein content ofmitochoodria

and microsomes was determined by the standard m.ethd of Lowry 0 0 12 24 3 48 SO 7
eral. (1951) using bovine srumm albumin as the standard.

TIMIE (HOURS) POST-TREATMENT

Fig. 1. Hepatic mitochondrial lipid peroxidation in Sprague-Dawley
Determinat ion of Lipid Peroxidation rats as a function of dose and time. Lipid peroxidation is expressed as

the content of thioibarbituric :cid reactive substances per mng protein,
Lipid peroxidation was determined colouimetrically on hepatic mito- Each value is the mean ± S.D. of four animals
chondria and microsome6 from treated and control animals based on
the formation of thiobarbituric acid reaictive substances (TBARS) ac-
cording to the method of Buege and Aust (1978) as modified by T1he supernatant fractions were removed and the residues were evap-
Tirmenstein and Reed (1989). Maiondialdehyde was used as th 's"* orated to dryness by allowing the pellets to dry overnight. The DNA
dard. Absorbance values were measured at 535 nun and an extinction content was measured microfluoirometrically by the addition of 0.25 ml
coefficient oft 1.56 x lOW M _'cm -'was used. aqueous 3.S-diamninobenizoic acid dihydrochioride solution (135 mg/

ml). followerl by incubation at 60*C for 45 min. Each solution was
diluted with I N HCI and the fluorescence was determined with activa-

Determination of Membrane Fluidity tion and emission wavelengths of 436 and 521 nun, respectively. The
elution constant (k), which is used as a measure of DNA damage, was

Membrane fluidity ,tudies were performed on hepatic mitochondria calculated from the formula k - -2.30 x slope of the plot'-of percent
and microsomes by steady state fluorescence spectroscopy (Bagchi DNA remaining on the filter vs. volume of elution.
ei al. 1989; Engelman et al. 1989; Alsharif et al. 1990). The mem-
biranes were treated with 0. 5mM diphenylhexatriene (DPH) in tetrahy-
drofuraii as a fluorescent probe and incubated for 90 min at 37*C. The Statistical Analysis
membrnues were kept at 4*C for 3-5 h for complete incorporation of
DPH. Fluorescence nolarizaiion, a measure of membrane fluidity, was Data for each group were subjected to analysis of variance (ANOVA)
determined at 25*C with a Patkin-Eimer spectrofluorometer equipped and Student's t test. The data are expressed as the mean ±t standard
with perpendicutir and paralliel polarizers, using an excitation wave- deviation (SD). Each value is derived from four animals. ibe level of
length of 365 nm and an emission of 430 nun. Fluoresence poilariza- statistical significance employed in all cases was p < 0.05.
tion and the apparent microviscosity were calculated as described by
Shilitzky and Barrenholz (1978).

Results

DNA Single Strand Break The ability of endrin to induce DNA single stranid breaks in
hepatic nuclei, as well as induce lipid peroxidation in mito-

Livers from treated rats; were removed, weighed and minced with a chondria and microsomes and alter the fluidity of these mem-
tissue press. The liven were homogenized in a loose fitting, all glass brane fractions was investigated. The dose- and timne-deendent
Dounce homogenizer in the homogenization buffer of White et al. efcso rlyamnsee nrno ii eoiaini
(1981) at 2 C/8 ml buffer, and centrifuged at 480 g for 15 min. The heffeict mioforalndmiaanitrd endrin on lid pnem roia ton in pe
nuclear pellets were washed once and were resuspended in one-half the hentedic FitogonresI and 2.rosomaivly mwembvaesh aftr the-
original volume of homogenizing buffer used for the whole homoge. etdi iue n .rsetvl.Tev fe h
nates. DNA damage was measured as single strand breaks by the administration of a single oral dose of endrin, an increase in
alkaline elution method (Wahba et al. 1989). Briefly, the nuclei (0. I lipid peroxidation was obsoerved. Similar increases in hepatic
ml of each sample of nuclear suspension) were loaded onto polycar- mitochondrial and microsomal lipid peroxidation with time
boinale filters (47 mm dliamneter. 5 p pore size, Millipore Corporation, were observed at the three doses relative to control values. The
Bedford. MA). The imuclei were lysed on the filter with a lysing maximum increase in lipid peroxidation was obserrved at 24 h
solution containing 2% w/v, sodium dodecyl sulfate (SDS), 25 mM after administration of 6.0 mg endrin/k~g. Under these condi-
Na 4EDTA, pH 10.3, for 20min altaflow rate o,0.2 mimin. DNA was tions, 1.5- and 2.1-fold increases were observed in hepatic
eluted with an elution solution (0. 1% SDS. 20 mM Na..EDTA) ad- mitochondrial and microsomal lipid peroxidation, respectively.
justed to pH 12.3 with tetraethyl ammuonium hydroxide, at a flow rate The increase in lipid peroxidation still persisted after 72 h and
of 0. 1 mt/mmn. Seven 3 .0 ml fractions were collected. Bovine serum
albumin (0.25 mg/mI) was mixed with each fraction followed by 1.0 values were high relative to control values. After the adminis-
ml 40% trichloroacetic acid. The samples were vortexed and centri- tration of 4.5 mg endrinfkg, lipid peroxidation in hepatic mito-
fuged for 15 min at 1000 x g. Each pellet was dissolved by shaking in chondria increased 1.4-, 1.3-, and 1.3-fold 24, 48, and 72 h
3.6 ml] ethanol solution containing 0.1 w.1 concentrated HCI. The post-treatment. Miorosomai lipid peroxidation increased 1.9-,
samples were chilled to 4@C and centrifuged at 1000 x g for I5 min. 1.8-, and 1.7-fold 24, 48, and 72 h post-fteatment, respec-
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FIg. 2. Hepatic microsomal lipid peroxidation in Sprague-Dawley rats FIg. 4. Hepatic microsomal microviscosity in Sprague-Dawley rats as
as a function of dose and time. Lipid peroxidation is expressed as the a function of dose of endrin and time post.treatment. Changes in
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value is the mean - S.D. of four animals tion. Each value is the mean ± S.D. of four animals

0.030
0.26 - 12 -HOURS

W24 - IIiOURS
0.24 - 0.025 48- HOURS

ENOaRd 72 - HOURS0 22 -(mama)

"" 0 0.020
0 0 0"1

0.18 •'" 3.0

O le'o 0.0150

0.10

cc .14 0• 0.01 -~
0.12

S0.10 LU 0.005

• 0.01

0 12 24 36 48 e0 72 0.000

TIME (HOURS) POST-TREATMENT ENDRIN - C 3 MG/KXG 45 MG/1G S MGuIKG

Fig. 3. Hepatic mitochondrial microviscosity in Spraguc-Dawley rats Fig. 5. Effect of endrin on hepatic nuclear DNA single strand breaks
as a function of dose of endrin and time post-ticalment. Changes in as a function of dose and time in Sprague-Dawley rats. The incidence
membrane microviscosity were determined by fluorescence polariza- of DNA single strand breaks is proportional to the elution rate con-
lion. Each value is the mean ± S.D. of four animals stants which were determined by alkaline elution. Each value is the

mean ± S.D. of four animals

tively, in response to 4.5 mg endrin/kg. The differences in lipid
peroxidation in mitochondria and microsomes %,ere not signifi- endrin/kg. approximately 1.5-fold increases were observed in
cant between 24 and 72 h post-treatment (Figures I and 2, microviscosity of hepatic microsomal membranes 24, 48 and
respectively). 72 h post-treatment.

No studies have been reported on the effect of endrin treat- The effects of endrin on DNA single strand breaks in hepatic
j ment on membrane fluidity. However, previous studies have nuclei are summarized in Figure 5. Rats were treated with

shown a relationship between induction of lipid peroxidation single doses of 3.0, 4.5, or 6.0 mg/kg endrin p.o. and killed 12,
and changes in membrane fluidity (Dobrestor et al. 1977). 24, 48 or 72 h post-treatment. Significant increases in DNA
Steady state fluorescence spectroscopy was used to assess mi- elution constants were observed in all treated groups relative to
croviscosity and thus evaluate changes in membrane fluidity as control animals. Maximum increases of 2.5-. 3.5-, and 4.4-fold
a result of endrin administration. An increase in these parame- were observed in DNA elution constants 24 h post-treatment
ters indicates a decrease in membrane fluidity and alteration in with 3, 4.5, and 6 mg/kg of endrin, respectively. At 48 and 72 h
membrane structure (Stubbs 1983). The effects of 3.0, 4.5, and after endrin administration, the incidence in DNA damage was
6.0 mg/kg endrin with time on membrane fluidity of hepatic less than at 24 h but still significantly elevated above control
mitochondria and microsomes are presented in Figures 3 and 4, values.
respectively. The results for each subcellular fraction were The dose- and time-dependent effects of endrin on livei,
compared to the results from the corresponding subcellular thymus and spleen weight to body weight ratios are presented in
fractions from control animals. In milochondrial membranes, Table I. Endrin administration resulted in dose- and time-
microviscosity increased approximately 1.3-fold 24, 48, and 72 dependent increases in the liver/body weight and spleen/body
h post-treatment. Following the administration of 4.5 mg weight ratios while producing significant decreases in the
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TaMbe 1. Percent of liver, thymus, and spleen weights to body weight in response to endrin administration'

Liver Thymus Spleen
weight/body weight/body weight/body

Dose Hours weight weight weight
(mg/kg) post-treatment (X 100) (X 100) (X 100)

Control - 3.42 ± 0.19 0.25 ± 0.02 0.25 ± 0.01
3 12 3.49 ± 0.13 0.25 ± 0.01 0.24 ± 0.01
4.5 12 3.61 ± 0.08 0.24 ± 0.01 0.26 ± 0.02
6 12 3.71 ± 0.05* 0.22 ± 0.01" 0.26 ± 0.01
3 24 3.68 ± 0.06* 0.23 ± 0.010 0.25 ± 0.01
4.5 24 3.78 ± 0.08* 0.20 ± 0.01" 0.27 ± 0.01"
6 24 3.83 ± 0.190 0.18 ± 0.02* 0.29 ± 0.010
3 48 3.74 ± 0.08' 0.20 ± 0.020 0.26 ± 0.01
4.5 48 3.92 ± 0.07' 0.17 ± 0.01' 0.29 ± 0.02'
6 48 4.12 ± 0.16" 0.13 ± 0.01" 0.30 ± 0.01"
3 72 3.80 ± 0.07* 0.18 ± 0.01" 0.27 ± O.01"
4.5 72 4.18 ± 0.09* 0.13 ± 0.02* 0.31 ± 0.01'
6 72 4.26 ± 0.15" 0.10 ± 0.01* 0.32 ± 0.02*

"Rats were killed at O, 12,24.48 or 72 h after the oral administration of 0, 3.4.5 or6 mg endrin/kg. Each value is the mean ± S.D. from 4 rats. *P
< 0.05 with respect to the control values.

thymus/body weight ratio. For example. 72 h after the adminis- decrease in DNA damage was observed at 48 and 72 h post-
tration of 3. 4.5, and 6 mg endrin/kg. the liver weight/body treatment with all three doses of endrin which may reflect either
weight ratio increased approximately 9, 22, and 25%, respec- a decrease in the incidence of DNA damage or an increase in
tively, while the spleen weight/body weight ratio increased II. the rate of DNA repair
25, and 30%, respectively, relative to control values. Under the An increase in membrane microviscosity is inversely propor-
same conditions the thymus weight/body weight ratio de- tional to the fluidity of the membranes (Bagcbi et al. 1989).
creased 31, 51. and 60%, respectively. Bernet and Groce (1984) have concluded that a decrease in

membrane fluidity of 16% is highly significant and indicative
of structural alterations. In the present studies, decreases in

Discussion membrane fluidity of up to 50% were observed following ad-
ministration of endrin. Thus, changes in membrane fluidity in

Previous studies have demonstrated that endrin induces hepatic response to endrin may represent major structural alterations
lipid peroxidation and depletes glutathione (Numan et al. which contribute to the toxic manifestations of this xenobiotic.
1990a). In these investigations with endrin, a single dose (4.5 The induction of lipid peroxidation and the decrease in mem-
mg/kg) and time point (24 h) were used. The mechanism in- brane fluidity by endrin as well as the increase in DNA damage
volved in the induction of lipid peroxidation by endrin is un- agree well with other indices of toxicity including alttrations in
known, but may involve a mechanism or mechanisms common liver to body weight ratio and thymus to body weight ratio
to a broad range of structurally dissimilar but polyhalogenated (Table I). The results sugges: that endrin-derived free radicals
cyclic hydrocarbons (Stohs 1990: Spector and Yorek 1985). In or endrin-induced production of reactive oxygen species initiate
the present study, the dose- and time-dependent effects of en- oxidative tissue damage which may significantly contribute to
drin on hepatic microsomal and mitochondrial lipid peroxida- the overall tissue damage induced by this xenobiotic.
tion were examined. Furthermore, the effects of endrin on two
otlier indices of tissue damage, namely, DNA single strand
breaks in hepatic nuclei and alterations in the microviscosity of Acknowledgmenis. These studies were supported in pan by research
hapatic mitochondria and microsomes. were also assessed. grant #90-278 from the Air Force Office of Scientific Research. The

The data clearly demonstrate that a single oral dose of endrin authors thank Ms. LuAnn Schwery for technical assistance.
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Time-dependent effects of 2,3,7,8-tetrachlorodlbenzo-p-dlodxn (TCDD) on serum and

urine levels of malondialdehyde, formaldehyde, acetaldehyde and acetone in rats. Bagchi,

D., Bagchi, M., Hassoun, EA, and Stohs, SJ. (1992). ToikoL AppL PhwmacoL

The ability of TCDD to produce lipid mobilization and alter lipid metabolism is well

known. Previous studies have indicated that TCDD induces an oxidative stress and

enhances lipid peroxidation. However, the products resulting from altered lipid metabolism

in response to TCDD have not been studied. We have examined the time-dependent

changes in serum and urine levels of malondialdehyde, formaldehyde, acetaldehyde and

acetone in response to a single oral 50 jg/kg dose of TCDD in rats. The changes in these

four metabolic products were quantitated by high pressure liquid chromatography (HPLC).

The effects of TCDD were compared with ad ibiwmn fed control animals and pair-fed

animals. Serum and urine levels of the four metabolites were assayed on days 0, 3, 6, 9 and

12. Following TCDD administration, significant increases in the four metabolites present

in serum and urine were observed at all time points. For example, on day 6 post-treatment

malondialdehyde, formaldehyde, acetaldehyde and acetone increased approximately 2.6-, 2.5-

2.4- and 6.9-fold in serum, respectively, and 3.0-, 2.3-, 3.8- and 3.7-fold in urine,

respectively. Increases were also observed in the serum and urine levels of the four

metabolites in pair-fed animals relative to the ad hbfum fed control animals. However, the

increases in the serum and urine levels of the four metabolites was significantly greater for

TCDD animals as compared to the pair-fed control animals at most time points. When the

serum levels of malondialdehyde as determined by HPLC were compared with the results

obtained by the thiobarbituric acid (TBA) colorimetric method, similar time courses were

observed although higher results were obtained for the less specific TBA method. The

results clearly demonstrate that TCDD causes markedly elevated serum and urine levels of



four specific products associated with i/pid metabolism.

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is prototypical of many halogenated polycyclic

hydrocarbons (Safe, 1986) and is one of the most toxic members of this group of

compounds. Various studies have shown that TCDD profoundly alters lipid metabolism and

distribution (Schiller et al, 1985; Pohjanvirta et a,, 1989; Seefeld et al, 1984; Christian et

al, 1986; Laksham et aL, 1988; Gorski et aL, 1988; Wahba etaL, 1989; Alshiuif et aL, 1990).

The primary target organs affected by TCDD include liver, testes and thynmus (Safe, 1986;

Stohs, 1990). A number of studies have shown that a relationship exists between TCDD

toxicity, and AHH induction (Safe, 1986; Poland and Knutson, 1982) as well as lipid

peroxidation (Stohs, 1990). Generation of reactive oxygen species such as hydroxyl radical,

superoxide anion and hydrogen peroxide appear to be involved in TCDD-induced lipid

peroxidation (Stohs, 1990; Stohs et aL, 1986, 1990). Since TCDD administration to

experimental animals results in an oxidative stress with subsequent peroxidation of

membrane lipids, we have assessed the effect of TCDD on lipid metabolites in urine and

blood serum. The detection of lipid peroxidation products in the urine provides a non-

invasive method of assessing oxidative stress (Shara et al, 1992). In the present study, four

lipid metabolites have been identified and quantitated in the urine and serum of rats by high

pressure liquid chromatography (HPLC). These parameters were examined in TCDD.

treated female rats, pair-fed animals and ad libitm fed control animals. The presence of

thiobarbituric acid reactive substances (TBARS) has been widely used as an indicator of

lipid peroxidation both in vitro and in vivo studies (Valenzuela, 1991; Thayer, 1984) in

different subcellular fractions as well as in serum using malondialdehyde as a standard. We
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therefore also examined the relationship between malondlaldehyde determined by the

TBARS method and HPLC in serum.

MATERIALS AND METHODS

2,3,7,8-Terachlorodihbenzo-p-dloxin (TCDD) was obtained from the Chemical Resource

Program, National Cancer Institute (Bethesda, MD). All other chemicals used in the study

were obtained from Sigma Chemical Company (St. Louis, MO) and were of analytical grade

or the highest grade available.

Animals and treatmen. Female Sprague-Dawley rats, weighing from 160.180 gin,

were purchased from Sasco, Inc. (Omaha, NE). All animals were housed two per cage and

allowed to acclimate to the environment for four or five days prior to experimental use.

The animal were maintained in stainless steel cages at 22"C and a 12 hr light-dark cycle.

Ad libitum fed control and TCDD-treated rats had free access to food (Purina Rodent Lab

Chow #5001). Pair-fed rats received an amount of the diet equal to the amount consumed

by TCDD-treated partner rats during the previous day. TCDD-treated rats received 50

Mg/kg orally as a single dose in corn oil containing 10% acetone. Ad/ib/iwn fed and pair-

fed rats received the vehicle.

Serum lipid hydmperoxi&a. Blood was obtained by cardiac puncture from all rats

according to the method of Pohjanvirta et aL (1989). Blood was obtained from rats on days

0, 3, 6, 9 or 12 of the study. The blood samples (250 pl) were diluted with 1.0 ml of

physiological saline (0.9%) in a centrifuge tube and shaken gently. After centrifugation at

3
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3,000 rpm for 10 min, 0.5 ml of each supernatant fraction was transferred to another

centrifuge tube.

Serum thiobarbituric acid (TBA) reactivity was measured essentially as described by

Thayer et aL (1984). Serum samples were mixed with 0.15 M NaCI and 20% trichloroacetic

acid. After 10 mrin at room temperature the mixtures were centrifuged. The precipitates

were dispersed in 0.05 NH2SO 4 and mixed with 0.67% 2-thiobarbituric acid in 2 M sodium

sulfate. Tubes were heated in boiling water bath. After cooling to room temperature the

mixtures were extracted with n-butanol. Absorbances at 532 nm were measured relative to

reference samples at 590 nm and were converted to equivalents of malondialdehyde (MDA)

using an absorptivity coefficient of 1.56 x IV M-' cm4.

Deiat=iion and aqua of sensm metabolites. 2,4-Dunitrophenylhydrazine (DNPH)

was used as the derivatizing agent in the identification and quantitation of serum lipid

metabolites. DNPH (310 mg) was dissolved in 100 ml of 2M HCI to make the derivatizing

reagent. Serum (0.25 ml) samples were mixed with 0.25 ml of 0.15 M NaCI, 4.4 ml of water,

and 0.1 ml of DNPH reagent. The samples were vortexed, and after 10 min 2.5 ml of 20%

trichloroacetic acid was added, followed by centrifugation at 3000 rpm for 20 min. The

aqueous supernatant fractions were extracted three times with 15 ml aliquots of pentane.

The pentane extracts were combined, evaporated under a stream of nitrogen in a 37 C

water bath, and reconstituted in 0.40 ml of acetonitrile. A 25 Ul aliquot of each sample was

injected onto a high pressure liquid chromatographic (HPLC) column and the peaks

isocratically eluted for identification and quantitation of malondialdehyde (MDA),

formaldehyde (FA), acetaldehyde (ACT) and acetone (ACON) in the serum of rats. The

DNPH derivatives of the four metabolic products were quantitated on a Waters o-Bondapak

Cis column, eluting with an acetonitrile-water mobile phase and using a UV absorbance
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detewtor at 330 nm (Shara er ad, 1992). Verification of the identltit s of the four metabolic

products was confirmed by gas chromatography-massp roscopy (Shara e aL, 1992). The

extraction efficiencies for MDA, FA, ACT and ACON hydrazones were 71.6, 78, 88.7 and

70.7%, respectively, based on studies involving the addition of known amounts of the

hydrazone derivatives to pooled serum from control rats.

Urine colectin oad ssay of metabols. Rats were placed in metabolism cages

(Nalgene Co., Rochester, NY) for urine collection. The animals were allowed free access

to tap water but received no food to avoid contamination during each 12 hr urine collection

period. The urine collecting vessels were positioned over styrofoam containers filled with

dry ice which permitted the collection of urine in the frozen state. HPLC was used for the

identification of MDA, FA, ACT and ACON In urine as previously described (Sham et aL,

1992), using the conditions described above for serum samples.

Staditdga analysem. Multiple group comparisons were made by analysis of variance

(ANOVA). Post-hoc comparisons were made using Scheffe's S method. Each value is the

main ± the standard deviation of 4 animals.

RESULTS

The time-dependent effects of 50 jsg TCDD/ki or pair-feeding on the senum level,

of malondialdehyde (MDA) are presented in Fig. ILa. The animals were killed 0, 3, 6, 9 ,,,

12 days after initiation of the experiment. The results are expressed as nmoles MDA/mn

serum. Increases of approximately 2.2-, 2.6-, 2.7-, and 2.8-fold occurred in the MDA conte n

of serum 3, 6, 9 and 12 days post-treatment, respectively, with a single oral dose of TCDD)

5



* relative to ad Rlm fed control animal. In Pair-fed rat/ Inrees in MDA oontent of 1.4-

,1.9-, 2.0-, and 23-fold occurred on days 3, 6, 9 and 1Z respctvely, relative to adibiu

fed animals.

The time-dependent variations in the serum levels of formaldehyde (FA) of TCDD-

treated rats, pair-fed control animals and ad Nlbum fed control animals ars presented in

Fig. lb. Serum levels of FA in TCDD-treated animals increased appruximately 1.4-, 2.5-,

3.1-, and 2.6-fold on dasy 3, 6, 9 and IZ respectivy, relative to adHbltw n fed control

animals. In pair-fed animals, serum levels of FA increased by 1.3-, 1.8-, 2.1-, and 2.2-fold

on these same days, relative to the ad lbinsm fed control animals.

Serum levels of acetaldehyde (ACT) in TCDD-treated rats, as well as pair-fed

animals and ad HibiM fed control animals, are presented in Fig. 1¢. On days 3, 6, 9 and

12 following the administration of TCDD, increases in ACT of approximately 1.5-, 2.4-, 3.0-,

and 2.9-fold, respectively, were observed relative to ad lblsnm fed control itsmals. On these

same days in pair-fed rats, increases in serum levels of ACT of 12-, 1.3-, 1.4-, and 1.6-fold,

respectively, were observed.

Serum levels of acetone (ACON) as a function of time in TCDD-treated rats, pair-

fed anirnalsand ad/ibium fed control rats are presented in Fig. ld. On day 3, 6, 9 and

12 following the administration of TCDD, increases in serum levels of ACON of 2.7-, 6.9-,

9.4-, anJ 8.6-fold, respectively, were observed relative to ad libtum fed rats. In pa--fed

animals relative to ad bit urn fed rats, on days 3, 6, 9 and 12, increases in serum levels of

ACON of 1.3-, 2.3-, 4.3-, and 4.7-fold, respectively, were observed.

"The urinary excretion of MDA, FA, ACT, and ACON as a function of time by

TCDD-treated rats, pair-fed animals, and ad /liubm fed control animals is presented in Fig.

6
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U 4a-d. Significant Increases In the urinary excretion of the for lipid metaltes were

observed in both pair-fed and TCDD.treated animal relaie to thead libjwn fed control

animals. MDA excretion Increased by approximately 2.0-, 3.0-, 3.5-, and 4.1-fold on days 3,

6, 9 and 12, respectively, for TCDD treated rats relative to ad libbum fed control animals

(Fig. 2a). In pair-fed rats, MDA excretion increased by approimaly 2.0-, 2.4-, 23, and

2.7-fold on days 3, 6, 9 and 12, respectively, relative to the ad libitum fed control animals

Following TCDD administration, the urinary excretion of FA increased by

approximately 1.5-, 2.3-, 2.8-, and 33-fold on days 3, 6, 9 and 12, respectively, relative to ad

/ibhum fed control animals (Fig. 2b). In pair-fed rats, the urnary excmrtion of FA ineased

by approximately 1.3-, 1.7-, 1.6-, and 1.8-fold relative to ad Ub/hum fed control animals on

the respective four days of urine collection.

The urinary excretion of acetaldebyde (ACT) increased in TCDD-treated rats relative
to adibftum fed control animals by approxi-mtely 2.0-, 3.8-, 4.8-, and 5.8-fold on days 3, 6,

9 and 12, respectively, while ACT excretion increased by 1.5-, 2.4-, 2.7-, and 3.4-fold on

these respective days in pair-fed animals relative to the ad libitum fed control animals (Fig.

2c).

The excretion of acetone (ACON) in the urine of TCDD-treated, pair-fed, and ad

libiwn fed control rats are presented in Fig. 2d. The excretion of ACON on days 3, 6, 9

and 12 following treatment with TCDD increased by approximately 2.1-, 3.7-, 4.7-, and 6.2.

fold, respectively, relative to ad fibitum fed control animals. For pair-fed rats, the urinary

excretion of ACON increased by approximately 1.4-, 1.8-, 2.8-, and 3.6-fold on days 3, 6, 9

and 12, respectively, relative to ad lbitum control rats.

The TBARS method was used to assess lipid perox/dation in serum, using MDA as
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the standard, in TCDD-teated ramt, pair-fed animals and ad Ubbm fed control animals

(Fig. 3). The baseline (control) value for MDA as determined by HPLC was approximately

1.2 nmoles/ml (Fig. la) while the baseline (control) value for MDA as determined by the

TBARS method was approximately 1.7 nmoles/ml serum. On days 3, 6, 9 and 12 relative

to control animals the MDA content of serum in TCDD-treated animals by the TBARS

method increased by approximately 2.8-, 3.9-, 35-, and 3.4-fold, respectively, while in pair-

fed rats, MDA serum levels increased by 1.5-, 2.1-, 1.9-, and 2.2-fold, respectively. These

results are similar to the results for MDA determination by {PLC (Fig. la).

DISCUSSION

Various studies have demonstrated that TCDD induces lipid mobilization (Schiller

et aL, 1985; Pohjanvirta et aL, 1989; Seefeld et aL, 1984; Christian et aL, 1986; 1aksham et

aL, 1988; Gorski et aL, 1988). Furthermore, pair-feeding mimics some but not all effects of

TCDD toxicity (Seefeld et at, 1984; Christian et aL, 1986; Laksbam et aL, 1988; Wahba et

aL, 1989). Numerous studies have also demonstrated that TCDD enhances lipid

peroxidation in hepatic and extrahepatic tissues (Stohs, 1990). The methods used to

demonstrate enhanced lipid peroxddation in response to TCDD have relied primarily on the

determination of thiobarbituric acid reactive substances (TBARS), using MDA as the

standard. The lack of specificity of the TBARS method for assessing lipid peroxidation is

widely recognized (Yu et aL, 1986).

The use of highly specific methods as HPLC to detect and quantitate changes in

MDA or other lipid metabolites in response to TCDD has not been reported. A HPLC
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method to detect MDA In urine was developed by Ekstrom et aL (1988). In our

laboratories, this method has been extended to detect and quantitate not only MDA, but

also FA, ACT, and ACON in urine (Shara et aL, 1992). The Identities of the four urinary

products have been confirmed by gas chromatography-mass spectrosopy (Shara et aL, 1992).

The HPLC system has been further extended in the present study to detect and quantitate

these four metabolic products in blood serum.

In the present study, we have demonstrated that significant increases in both serum

and urine levels of MDA, FA, ACT and ACON occur with time in response to a single dose

of T7DD. The dose of TCDD which was used is similar to doses which have been widely

used by other investigators (Safe, 1986; Schiller et aL, 1985; Pohjanvirta et aL, 1989; Seefeld

et al, 1984; Christian et aL, 1986; Laksham et aL, 1988; Gorski et aL, 1988). Significant

increases in the serum and urine levels of the four metabolic products were detected three

days after the administration of TCDD. Increases in the four metabolic products in both

serum and urine of pair-fed animals also increased with time, par,/lelling the results

observed for TCDD-treated animals. However, for nearly all time points, the serum and

urine levels of the four metabolic products were significantly lower in the pair-fed animals

as compared to the TCDD-treated rats.

When the serum and urine levels for the four metabolic products are compared,

higher serum levels of ACT are observed than for MDA, FA or ACON. In the urine, FA

exhibits the highest levels in the adUbkirm fed control animals. The rapid excretion of FA

may account for the relatively low serum levels of this metabolic product and relatively high

urinary levels. In response to TCDD, greatest increases in serum levels are observed with

ACON, while in the urine, largest increases occur with ACT and ACON.

9



When the Io specific T7ARS method (FIg. 3) for detmination of MDA in serum

is compared with the HPL.C method (Fig. 1a), simila excretion profiles are observed

However, with the TMARS method, in control animalts apprimately 0.5 nmoles/ml serum

more MDA equivalent product is detected. This derence Is due to the reaction of the

reagent with products in addition to MDA. However, since simila results and profiles are

obtained with the two methods, the results suggest that the rapid, inexpensive ThARS

method can be used to assessl Upid perouidation.

Although the results clearly demonstrate that TCDD markedly enhances serum levels

and urinary excretion of MDA, FA, ACT, and ACON, the metabolic sources of these four

products is not entirely clear. The increase in MDA may be due to free radical initiated

and mediated lipid peroxidation (Stohs, 1990). When radiolabeled MDA is administered

to rats, it is extensively metabolized to acetate and carbon dioxide (Dhanakoti and Draper.

1987). Based on these observations, the urinary excretion of ACT may arise as an

intermediate product in the breakdown of MDA. However, its formation as a result of

enhanced beta oxidation of fatty acids can not be excluded.

The enhanced excretion of ACON in response to disease states such as diabetes a,

a consequence of increased beta oxidation is well known (Foster, 1987). Whether the

increase in serum and urine levels of ACON in response to TCDD occurs via a simild!

mechanism has not been determined. The increase in the serum and urine levels of FA ,r

response to TCDD administration may &rise by a number of mechanisms including the

metabolism of glycerol (Winters et aL, 1988), the metabolism of acetoacetic acid to ACO%

plus a one carbon fragment, or in the metabolism of MDA to acetate.

The results clearly demonstrate that TCDD markedly enhances the serum and urine

levels of MDA. FA, ACT, and ACON. No previous studies have specifically assessed
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changes in these four metabolic products or the time-dependent changes which occur. The

methods which have been developed for quantitating the changes in these metabolic

products will be useful in exploring the metabolic pathways which are involved.

Furthermore, the methods will be useful in comparing lipid peroxidation which is produced

by zenobiotics with various techanisms of action.
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LEGENDS

Figure I - Time-dependent changes in: [A] malondialdebyde (MDA); [B] formaldehyde

(FA); [C) acetaldehyde (ACT); and [D) acetone (ACON) in serum of rats

treated with 50 jig TCDD/kg, pair-fed rats, and ad libitwn fed control

animals. Serum samples were prepared 3.6,9 and 12 days following initiation

of the experiments. Each value represents the mean ± SD of four animaIs.

"P < 0.05 with respect to the ad ibiftu, fed control group. "'P < 0.05 with

respect to the pair-fed group.

Figure 2 - Urinary excretion of: [A] malondialdehyde (MDA); [B] formaldehyde (FA);

[C] acetaldehyde (ACT); and [D] acetone (ACON) in rats treated with a

single dose of 50 ug TCDD/kg, pair-fed rats, and ad /ibilum fed control

animals. Urine samples were collected for 12 hrs on days 3, 6, 9 and 12

following initiation of the experiments. Each value is the mean ± SD of four

animals. The four products were quantitated by HPLC. 'P < 0.05 with

respect to the ad /ibitsm fed group. "'P < 0.05 with respect to the pair-fcc

group.

Figure 3 - Serum levels of lipid peroxides as determined by the presence

thiobarbituric acid reactive substances, using malondialdehyde (MDA) as th

standard, in rats receiving a single oral dose of 50 ;g TCDD/kg, pair-fed rat%

and ad Ibifum fed rats. Serum samples were prepared on days 3, 6, 9 and 1

15



following initiation of the experiment. Each value is the mean t SD. "P <

0.05 with respect to the ad lbitum fed control group. "'P < 0.05 with respect

to the pair-fed group.
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Abotret - Recent studies have shown that the administration of endrln to rodents induces

lipid peroxidation in various tissues and decreases glutathione content. These results suggest

that endrin produces reactive oxygen species and/or fre radicals. We have therefore

examined the effect of endrin (4.5 mg/kg) on the production of reactive oxygen species by

peritoneal macrophages and hepatic mitochondria and microsomes in rats. The effects of

endrin on hepatic mitochondrial and microsomal lipid peroxidation and membrane fluidity

as well as the incidence of hepatic nuclear DNA damage were also examined. Twenty-four

hrs after endrin administration, significant increases in the production of chemiluminescence

by the three tissue fractions were observed. Furthermore, peritoneal macrophages from

endrin treated animals resulted in 3.0- and 2.8-fold increases in cytoc•rome g and

iodonitrotetrazolium (INT) reduction, indicating enhanced production of supiroxide anion.

Endrin administration also resulted in significant increases in lipid peroxidation of

mitochondrial and microsomal membranes as well as decreases in the fluidity of these two

membranous fractions. A significant increase in hepatic nuclear DNA single strand breaks

also occurred in response to endrin administration. The results indicate that macrophage,

mitochondria and microsomes produce reactive oxygen species following endrin

administration, and these reactive oxygen species may contribute to the toxic manifestations

of endrin.

Keywords - Endrin, Reactive oxygen species, Lipid peroxidation, Cytochrome g reduction,

Chemiluminescence, Oxidative stress, DNA single strand breaks, Membrane fluidity,

Iodonitrotetrazolium reduction
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INDMODUCrION

Previous studies have suggested that the administration of a variety of polyhalogpted cyclic

hydrocarbons (PCH) to experimental animals may exert their toxic effects in part by

stimulating the production of reactive oxygen species.' 4 The source(s) of the reactive

oxygen species is unclear and whether PCH enhance reactive oxygen species production by

direct or indirect mechanisms has not been determined, Several possible mechanisms exist,

including the activation of phagocytic leukocytes, leakage of electrons from mitochondria,

and induction of the cytochrome P-450 system in microsomes 4 The production and release

of oxygen radicals by phagocytic leukocytes is one of the most important functions of these

cells. When neutrophils or certain macrophages phagocytize they produce superoxide anion

and hydrogen peroxide, and form secondary products of these activated species. During

phagocytosis or in response to a soluble stimulus, macrophages undergo a burst of oxidative

metabolism.'

The administration of selected xenobiotics to rats in toxic doses produces an elevation

of lipid peroxidation, a decrease in membrane fluidity and an increase in DNA strand

breaks.-' 7 Previous studies have shown that glutathione depletion and lipid peroxidation

occur as the result of administering the PCH endrin.1, Endrin also induces enhanced lipid

peroxidation in.vjzw and altered calcium and iron homeostasis in vivo.

In this study we have assessed the ability of endrin to produce reactive oxygen species

in peritoneal macrophage and hepatic mitochondria and microsomes based on the

production of chemiluminescence, reduction of cytochrome r. and the reduction of

iodonitrotetrazotium. Previous studies suggest that most of the physiological effects of PCH

following either acute or chronic exposure appear to be membrane associated. Oxygen
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derived free radicals have been implicated in tumor promotion leading to membrane

perturbation.' 0 Hence, membrane fluidity and lipid peroxidation of isolated hepatic

mitochondria and microsomes from treated and control rats were measured, and DNA

single strand breaks were assessed in hepatic nudeL

MATFRIAS AND METHODS

Chemckal

Endrin was obtained from Supelco, Inc. (Bellefonte, PA). Cytochrome r (Type VI)

and all other chemicals used in this study were obtained from Sigma Chemical Company (St.

Louis, MO), and were of analytical grade or the highest grade available.

Animals and truatmen

Female Sprague-Dawley rats, weighing from 160-180 gm, were purchased from Sasco.

Inc. (Omaha, NE). All animals were housed two per cage and allowed to acclimate to the

environment for four or five days prior to experimental use. The animals were allowed free

access to tap water and food (Purina Rodent Lab Chow #5001). The rats were maintained

at a temperature of 21 " C with lighting from 6 aam. to 6 p.m. daily. Endrin treated group-

of animals received a single dose of 4.5 mg/kg orally in corn oil, while control anima:,

received the vehicle. All animals were killed by decapitation 24 hrs post-treatment.

Cell isolation

Peritoneal macrophages were isolated from rats with Hepes buffer, pH 7.4 (140 m %I

NaCI, 5 mM KCG, 10 mM glucose, 2 mM Ca' 2 and 20 mM Hepes)" which was injected int,

the peritoneal cavity and subsequently aspirated. This step was repeated three times with
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10 ml frucdons. The macrophages were centrifued at 3,000 rpm for 15 rin. Pellets were

washed with buffer and resupnded in buffer after repeated centrifuugton. Cells were

counted with a hemocytometer and diluted to 3 x 106 cells/mL Viability was checked by the

Trypan blue exclusion method.

Isolaion of hepatic mkochonda and mcmsoal membrane

After withdrawal of the peritoneal macrophages, livers were quickly removed and

kept in ice cold 50 mM Tris KC! buffer (pH 7.4) containing 150 mM KC, 1 mM EDTA, 1

mM dithiothreitol and 10% glycerol. The livers were homogenized with 5 ml/gm in a Potter

Elvebjem homogenizer fitted with a Teflon pestle (four 30 sec strokes).u Subeellular

fractionation was achieved by differential centrifugation. Isolated mitochondrinl and

microsomal fractions were further purified by resuspension and centrifugaton.

Protein concentrations of mitrochondria and microsomes were determined by the

method of Lowry eta.LA using bovine serum albumin as standard.

Chemiluminescence

Chemiluminescence was measured in Chronolog l~uivettel4 luminometer. The assay

was conducted in 3 ml glass mini-vials. The vials were incubated at 37"C prior to

measurement. The background chemiluminescence of each vial was checked before use.

Samples containing 3 x 10 cells/ml were preincubated at 37"C for 30 min. After

preincubation of the cells 4 sM luminol was added to enhance chemiluminescence.s All

additions to the vials as well as chemiluminescence counting procedures were performed

under dim lighting conditions. The pH of the solutions was maintained between 9 and 10.

Results are expressed as counts/unit time minus background.16
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Memabr, fuidIty

The fluidity of mitochondrial and microsomal membranes from control and treated

animals was determined as described previously.' 71' The membranes were treated with 0.5

mM diphenylhexatriene (DPH) in tetrahydrofuran as the fluorescent probe and incubated

for 2 his at 370C. Fluorescence polarization as a measure of membrane fluidity was

determined at 25 C with a Perkin Elmer spectrofluorimeter equipped with perpendicular

and parallel polarizers using an excitation wavelength of 365 nm and an emission wavelength

of 430 nm. Fluorescence polarization and the apparent microviscosity were calculated as

described by Shintzky and Barrenholz.1

Cytochrome r reduction

Superoxide anion production by peritoneal macrophages was measured by the assay

method of Babior "l. 21 which is based on the reduction of cytochrome ,. In 1.0 il, the

reaction mixtures contained 3 x 106 macrophage and 0.05 mM cytochrome ! in the

incubation buffer. The incubation mixtures were incubated for 15 min at 370C. The

reactions were terminated by placing them on ice. The mixtures were centrifuged for 10

min, and the supernatant fractions were transferred to clean tubes for subsequent

spectrophotometric measurement at 550 am. Absorb.aice values were converted to nmol

of cytochrome r reduced/min using the extinction coefficient 2.1 x 104 MW cm4t.

Reduction of iodonitroterrazolium (INT)

Superoxide anion production by peritoneal macrophages was measured by the method

of Prodczasy el.22 hich is based on the reduction of iodonitrotetrazolium. The 1.0 ml

reaction mixtures contained 3 x 10' macrophage, 49 mM iodonitrotetrazolium violet (INO)
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and 0.92 mM Na2CO, The pH of the incubation mixture was approximately 10. The

incubation mixtures were preincubated for 15 ruin before INT was added. After addition

of INT the mixtures were incubated for 15 min at 37 C, The reactions were terminated by

placing the tubes on ice. The mixtures were centrifuged for 5 rmin, and the supernatant

fractions were transferred to dlean tubes for subsequent spectrophotometric measurement

at 505 nn. The nanomoles of INT reduced in 15 rmin - 78.7 x absorbance at 505 nm.

Lipid peroxidation

Lipid peroxidation was determined on hepatic mitochondria and mic'osomes from

control and treated animals according to the method of Buege and Aust,2 based on the

formation of thiobarbituric acid reactive substances (TBARS).M Malondialdehyde was used

as the standard. A molar extinction coefficient of 1.56 x 10s MWI cmn was used.

DNA single strand breaks

DNA damage in hepatic nuclei was measured as single strand breaks by the alkaline

elution method•s as previously described.7 ', DNA content was measured

microfluorimetrically with 3,5-diaminobenzoic acid dihydrochloride as the complexung agent,

with activation and emission wavelenths of 436 and 521 am, respectively.n The elution

constant (k) which is used as a measure of DNA damage was calculated from the formula

k = -2.30 x slope of the plot of percent DNA remaining on the filter vs. volume of eluate.

Statistical methods

Significance between pairs of mean values was determined by Student's t-test. A P

< 0.05 was considered significant for all analyses. The numbers of animals used in each
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experinment are indicated in the legends.

RESULTS

Claamiluminescence

The results of the chemiluminescence assay for the production of reactive oxygen

species by peritoneal macrophage, and hepatic mitochondria and microsomes from control

and endrin treated rats are presented in Figures 1-3,respectively. The chemilumia scence

response produced by macrophages from treated rats rapidly rises, reaching a maximum at

6 mrin while macrophage from control animals reach a peak chemiluminescence at 4 ri.

The responses subsequently diminish thereafter. However, responses were still observed

after 15 min. Similar changes in chemiluminescence were produced by hepatic mitochondria

and microsomes (Fig. 2 and 3). The incease in the chemiluminescence response for

macrophage from treated rats was 18% greater than for macrophage from control animals.

The chemiluminescence response for hepatic mitochondria and microsomes from treated

rats were 36% and 62% higher than control values, respectively.

The effect of endrin on production of superoxide anion by peritoneal macrophages

is presented in Table 1. The data are presented as nmoles of superoxide anion produced/3

x 106 cells/15 min. Endrin administration (4.5 mg/kg) increased the production of

superoxide anion based on cytochrome f and iodonitrotetrazolium (UMT) reduction as

compared to the cells from untreated animals by 3.0- and 2.8-fold, respectively, relative to

control values 24 hrs post-treatment.
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The effects of endrin on lipid peroxidation in hepatic mitochondria and microsomes

are summarized in Table U. Mitochondrial f•actions from control animal exhibited higher

levels of lipid peroxidative activity than microsomal preparations. In rats treated with endrin

and killed 24 hrs later, lipid peroxidation in mitochondria and microsomes increased by 1.4-

and 1.7-fold, respectively, based on the content of thiobarbituric acid reactive substances

(TBARS).

Membrane fluidity

No studies have been reported on the effect of endrin treatment on membrane

fluidity. Steady state fluorescence spectroscopy was utilized to evaluate changes in

membrane fluidity as a result of endrin administration to rats. The effect of endrin on

changes in hepatic mitochondrial and microsomal membranes is presented in Table H.

Twenty-four hrs after administration of endrin, the microviscosity of mitochondrial and

microsomal membranes increased by 29% and 51%, respectively, indicating decreases in the

fluidity of both membranes and alterations in membrane structure.t9

DNA strand breaks (DNA$SSB)

DNA single strand breaks are another index of oxidative stress and cellular damage.

The effect of endrin on DNA single strand breaks in hepatic nuclei is shown in Table I.

Twenty-four hrs post-treatment, a significant increase (3.5-fold) in the hepatic DNA elution

constant was observed with respect to the control group.
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DISCUSSION

Previous studies have shown that the administration of endrin to rats results in an

increase in lipid peroxidation and a depletion of glutathione in hepatic tissue.! Marked

histopathological changes occur in liver and kidneys of rats 24 hrs after treatment with 4.5

mg/kgY Previous studies have sugmested that the toidcty of endrin may be at least in part

due to an enhanced oxidative stress which results in increased lipid peroxidation, glutathione

depletion, and alterations in calcium and iron homeostasis in hepatic nuclei, mitochondria,

and microsomes.O The results in Table !I confirm that endrin induces lipid perooidation in

both hepatic mitochondria and microsomes. However, the source(s) of the reactive species

is(are) not known.

The production of reactive oxygen species by peritoneal macrophage, and hepatic

mitochonuiria and microsomes was assessed by measuring production of chemiluminescence,

and the reduction of cytochrome g and INT. Cytochrome g and INT reduction are relatively

specific tests for superoxide anion production, while chemiluminescence is a general assay

for the production of reactive oxygen species.3 The three assays clearly demonstrate the

production of reactive oxygen species by peritoneal macrophages, and hepatic mitochondria

and microsomes 24 hrs after the administration of a single dose of endrin to rats. Thus, the

results suggest that all three tissues may participate in the production of reactive oxygen

species in response to endrin administration. Therefore, rather than a single source of

re :ctive oxygen species, multiple sources may be involved."'

The ability of antioxidants as vitamins A and E to inhibit endrin induced lipid

peroxidation and prevent histopathological changes in ratsv strongly suggests a role for

reactive oxygen species and free radicals in the toxicity of endrin. 31 The mechanism involved
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in the production of reactive oxygen species by endrin is unclear. However, recent studies

have shown that the Iin m incubation of peritoneal macrophages as well as hepatic

mitochondria and microsomes from rats with endrin results in enhanced production of

reactive oxygen species, increased lipid peroxidation, and decreased membrane fluidity.?

Thus, the production of reactive oxygen species appears to occur as the result of a direct

interaction between endrin and membranes. These results also suggest that an indirect

mechanism is not involved which might be mediated by hormones and/or receptors.

The administratiou of endrin to rats also leads to DNA damage (Table MI) and a

decrease in membrane fluidity (Table I) which may occur as the result of the enhanced

formation of free radicals. An inflammatory response is observed in target tissues as liver,

kidney and spleen, in rats treated with endrin.8 The production of reactive oxygen species

by macrophage recruited to target tissues may contribute to tissue damage.

Bernet and Grocel have concluded that small decreases in membrane fluidity are

indicative of extensive alterations in membrane structure. Thus, changes in membrane

fluidity in rtsponse to endrin may represent major structural alterations which contribute

to the toxic manifestations of endrin. In summary, the results indicate that the in vo

administration of endrin to rats results in the formation of reactive oxygen species, enhanced

lipid peroxidation and DNA damage, and decreased membrane fluidity. Taken together,

these effects may contribute to the tissue damage observed in response to endrin.
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LEGENDS

Figure 1- Production of chemiluminescence by peritoneal macrophages (3 x 10o

cells/mil) following treatment of rats with 4.5 mg/kg endrin. All animals were

killed 24 hrs post-treatment.

Figure 2- Production of chemiluminescence by hepatic mitochondria (1.0 mg

protein/ml) following treatment of rats with 4.5 mg/kg endrim. All animal

were killed 24 hrs post-treatment.

Figure 3 - Production of chemiluminescence by hepatic microsomes (1.0 mg protein/ml)

following treatment of rats with 4.5 mg/kg endrin. All animals were killed 24

hrs post-treatment.
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Table I

"Production of superoxide anion by peritoneal macrophage based on cytochrome s and
iodonitrotetrazolium (PMT) reduction following treatment of rats with 4.5 mg/kg endrin.

nmol cytochrome £ nmol INT reduced/
reduced/3 x 10U cells/ 3 x 10' cells/15 min
15 min

Control 56.1 ± 2.3 30.7 ± 3.4

Endrin treated 170.7 ± 5.8' 85.5 ± 4.2"

Data are expressed as the mean valucs of 4-5 experiments ± SD. MNT
iodonitrotetrazolium violet. AR anrnats were kiOle- 7.4 t~s post-trcatment. The incubation
time was 15 mini at 370 C. 'P < 0.05 wid', respet tc. th coutol group.
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Table M]

Effect of endrin on hepatic DNA single strand breaks.

Parameter Control Treated

DNA Single Strand Breaks 5.6 ± 1.5 19.2 ± 6.3
(elution constant k x 101)

Female rats were treated with 4.5 mg/kg endrin and killed 24 hrs post-treatment. The
control group received the vehicle. Each value is the mean ± SD of 8-12 animals. "P <
0.05 with respect to the control group.
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SUMMARY: The effect of oral endrin administration to rats on the production of nitric

oxide (NO) by peritoneal macrophages was investigated. Nitric oxide formation was

measured as nitrite. Endrin (4.5 mg/kg) enhanced the secretion of NO by approximately

300%. The effect of endrin on NO formation was both dose. and time-dependent. Ellagic

acid, which has been shown to be a potent antioxidant, inhibited the elevation of NO

production induced by endrin. These results suggest that the toxicity of endrin may at least

in part be due to the production of an oxidative stress.

Nitric oxide (NO) has been shown to be an imnortant cellular transmitter in many
biological systems, including the brain and the end'thelium (1-5). Murine macrophages
when activated by lipopolysaccharides (LPS) alone or in combination with y-interferon
(IFN.y) produce nitrite and nitrate (6,7). Similar results were obtained with rotine
macrophage cell lines and rat peritoneal macrophages (8-11). The nitrite. and nitrate are
derived from NO (12,13). Kuppfer cells, bone marrow and wound macropi. of rats have
the capacity to release nitrite (14-17). It ha.W been demonstrated that the v.t'hesis of NO
by macrophages produces cytotoxic and cytostatic effects on tumor target ceols (18,19), and
may be important in the microbicidal activity of macrophages (20).

Besides LIPS and IFN-y, other immunostimulants as Bacillus Calmette-guerin, and .,---

tumor necrosis factor (TNF) can induce increased generation of NO in animals (7-9). The
effects of xenobiotcs on the macrophage production of NO has received little attention to
date.

Endrin has been shown to induce an oxidative stress in rats resulting in enhanced
lipi6 peroxidation and DNA single strand breaks (21). The source off the reseave oxygen
species is unknown. However, macrophage activation may be a source of the regative
origen species. The present study investigates the effect of endrin on the production of NO
b- rat peritoneal macrophages.
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MATERIAIS AND METHODS

CWmb* Madk ud Reqwg,. Endrin was obtained from Supelco, Inc. (Bellefonte,

PA). Dulbecco's Modified Eagle Medium (D-MEM), glutamine, penicillin-streptomycin,

Hepes buffer, MEM-non-essential amino adds (NEAA) and sodium pyruvate solution were

purchased from Gibco Laboratories (Grand Island, NY). Fetal bovine serum (FBS) was

obtained from Hyclone (Logan, UT). Sulfanilamide, N-(1-naphthyl)ethylenediamine,

sodium nitrite, ellagic add and other chemicals were obtained from Sigma Chemical Co. (St.

Louis, MO).
Anbnar ma 7mwmnent. Female Sprague-Dawley rats, weighing 160-200 g (Sasco,

Inc., Omaha, NE), were housed in stainless cages and maintained under a controlled

environment of 20-229 C with a 12 hr light-dark cycle. All the animals were allowed free

access to Purina Rodent Chow and tap water, and were acclimated for 3-5 days prior to use

in the experiments. Groups of rats were treated with 3,4.5 and 6 mg endrin/kg body weight

as a single oral dose in corn oil or the vehicle, and sacrificed by decapitation 24 hrs post.

treatment. Other rats were given 4.5 mg endrin/kg by the same route and sacrificed 12, 24

and 48 hrs later. Rats treated with ellagic acid were given ellagic acid in saline (pH 9.5

adjusted with NaOH) orally at a dose of 6 mg/kg daily for 3 days and on the 4th day. 2

mg/kg 2 hrs before endrin or t',e corn oil vehicle.

Lwim of Pefitwms Maavwph. After decapitation of the rats, 10 ml of a buffer

containing 140 mM NaCI, 5mM KCI, 16 mM glucose, 1 mM CaC 2 and 20 mM Hepes, pt i

7.3 was injected into the peritoneal cavity. The cavity was massaged and the fluid %'a,

withdrawn. Two additional 10 ml portions of the buffer were injected into the cavity wh

was then massaged and the fluid withdrawn. The fluid was centrifuged at 3000 rpm for

main. The pelleted cells were resuspended in 2 ml of 0.2% NaCl for 30 sec to Iy,

erythrocytes, and isotonicity was restored with 2 ml of 1.6% NaCI. The macrophage cc:,

were resuspended in Dulbecco's Modified Eagles Medium (D-MEM) containing methion, ne

and supplemented with glutamine, penicillin-streptomycin, Hepes buffer, MEM-non-essen t,

amino acids, sodium pyruvate solution and fetal bovine serum. The cells were counted "

a bemocytometer, and diluted to 2 million cells/ml.

lJawhg# of Ak Pfwitomw MArIOAq. The macrophage cells were distributed

plastic petri dishes (30 x 15 mm) in 1 ml volumes and incubated at 37"C, 5% CO1 , in

or%"~~~~~- __MII IRME--WW-
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bumifled atmosphere. After 2 hrs, I ml of warm medium was added to each petri dish and

the incubation continued for 40 hms. The medium from the incubated petri dishes was

centrifuged at 3000 rpm for 10 min, and the supernatant fraction from each petri dish was

used for the assay of nitrite. Medium without cells was incubated for the same length of

time and used as the control.

Memmumt of Nk* an* Pwfauasv a Niu*. Macrophage nitric oxide (NO)

production was measured indirectly as nitrite concentration in the supernatant fractions.

The nitrite concentration was determined using Greiss reagent (19) containing equal

volumes of 0.1% N-(1-naphthyl)ethylenediamine and 1% sulfanilamide in 5% phosphoric

acid. One ml of the supernatant fraction was mixed with 1.0 ml Greiss reagent, warmed to

37"C and the absorbance was determined at 543 nm using a Perkin-Elmer Lambda 6

spectrophotometer. The absorbance of the control medium (i.e. medium incubated without

cells for 40 hrs) was substrated from the absorbance of the medium containing macrophage

cells. A calibration curve for the nitrite concentration was established using sodium nitrite

solution (5-40 IJM/L).

StWcal Methods. Significance between pairs of mean values was determined by

Student's 1-test. A P < 0.05 was considered significant for all analyses.

RESULTS AND DISCUSSION

The production of nitric oxide (NO) by rat isolated peritoneal macrophages was

measured indirectly as supernatant nitrite concentration. Fig. 1 shows the effect of various

oral doses of endrin on the production of NO as nitrite by macrophages as compared with

the controls 24 hrs post.treatment. Nitric oxide production was enhanced by treatment of

rats with endrin (3 mg to 6 mg/kg). Endrin (4.5 mg/kg) produced the greatest enhancement

of NO production by macrophages which was approximately 300% greater than the controls.

Increasing the dose of endrin to 6 mg/kg did not additionally increase the production of

NO.

The effect of endrin (4.5 mg/kg) administered at various times prior to isolation of

the macrophages is shown in Fig. 2. Treatment of the rats for 12 hrs increased the

production of NO by about 200%. Increasing the time prior to isolation of maMophages

to 24 his and 48 his enhanced the secretion of NO to 300% and 360%, respectively.
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When rats were treated with ellagic acid for 3 days before the administion of

endrin (4.5 mgkg fer 24 rin, the increase in NO production induced by endrin was almost

completely inhibited (Table 1). However, treatment of rats with ellagic acid alone did not

signcantly decrease the production of NO by isolated macrophs

It has been reported by many investigators that activated macrophages secrete NO

which is most easily detected as nit:-te or nitrate. Nitric oxide production has been

demonstrated with murine macrophage cell lines and murine peritoneal exudate cells after

treatment with Iipopolysaccharide (LPS), alone or in combination with interferon gamma

(IFN.y) (5,7,18,19,22,23). Pulmonary macrophages from rats (24) and human neutrophils

(25-27) also secrete NO when activated.

Without activation, macrophages from mice produce low levels of NO (< 1 pM) (5).

In the present study, macrophages from control rats produced as much as 10 ;M per 10'

cells in 40 hrs. The reason for the difference is unknown but may be species related.

Endrin treatment of rats induced NO production by peritoneal macrophages which
was both time- and dose-dependent. The mechanism involved in macrophage activation is

not known. However, endrin has been shown to induce oxidative stress in rats, resulting in

enhanced lipid peroxidation, DNA single strand breaks, decreased glutathione content and

decreased membrane fluidity (21,28). The production of reactive oxygen species may be

associated with the activation of the macrophage synthase which has been shown to be

responsible for the production of NO from L-arginine (7). L-arginine was present in the

incubation media used in this study.

Ellagic acid has been shown to be a potent antioxidant and can inhibit the lipid

peroxidation induced in rat liver by various xenobiotics including carbon tetrachloride (29).

In the present study, ellagic acid inhibited the ability of endrin to induce NO production by

the macrophasges indicating the involvement of some reactive intermediate in the formation

of NO.

The results suggest that macrophages may be at least one source of reactive oxygen

species associated with the oxidative stress produced by endrin.
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BmuaeL Effect of various doses of endrin on the secretion of nitrite by peritonealmacrophages of rats. The rats were sacrificed 24 hrs post-treatment and the macrophages
were cultured for 40 hrs before the assay of the supernatant. Each value is the mean ± S.D.,
n-4.

Flare 2- Time-dependent effect of endrin (4.5 mg/kg) on the secretion of nitrite tperitoneal macrophages of rats. The time refers to hours post-treatment. The macrophagc
cells were cultured for 40 hrs before the assay of the superntant. Each value is the mc•-
±" S.D., n=4.
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TABLE 1

Effect of ellaic acid on the secretion of NO measured as nitrite by peritoneal macrophales
from rats treated with endrin.

Treatment with MM/106 macrophage cells

Control (corn oil) 10.16 t 1.99

Endrin (4.5 mg/kg) 30.30 ± 4.42"

Ellagic acid (6 mg/kg for 3 days) 9.09 :t 2.43

Ellagic acid (6 mg/kg) + Endrin (4.5 mg/kg) 11.47 ± 1.40

Rats were treated with endrin or corn oil and sacrificed 24 hrs later. Results are expressed
as the mean : S.D. of 4 animals.
"Statistically significant at P < 0.05 when compared with the control and ellagic acid treated
groups.
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Abstrac - Hepatic mitochondria and microsomes as well as peritoneal macrophages from

female Sprague-Dawley rats were incubated for up to 30 mrin at 37 C C in the presence of 0-

200 ng/ml 2,3,7,8-tetrachlorodib nzo-p-dioxin (TCDD), endrin (12,3,4,10, 10-heachloro-6,7-

epoxy- 1,4,4a,5,6,7,8,8a-octahydroendoendo-1,4"S,8-dimcthanonaphthalene) and lUndane

(hexachlorocyclobexane). Production of reactive oxygen species was determined by

chemiluminescence and cytochrome g reduction, while potential tissue damage was assessed

by alterations in membrane fluidity. Chemiluminescence, a sensitive but nonspecific

measure of free radical generation, increased 40-70% when macrophages (3 x 106 cells/mI),

mitochondria and microsomes (I mg/ml) were incubated with the three polybalogenated

cyclic hydrocarbons (PCH). Maximum increases in chemiluminescence occurred within 5- 10

riin of incubation and persisted for over 30 mrin. The cytochrome . reduction assay is most

specific for superoxide anion production. When hepatic niitochondria were incubated wit.

endrin and lindane for 15 miin at 100 ng/ml, increases in cytochrome g reduction of 6.5- an,:

7.5-fold occurred, respectively, while when microsomes were incubated with these same r6.

PCH increases in cytochrome C reduction of 8.6- and 11.6-fold occurred, respectively. Whc:-

mitochondria, microsomes and macrophages were incubated with TCDD under identj..,

conditions, small increases in supero.ide anion production was detected. Changes

microsomial membrane fluiditywere determined spectrofluorometrically following incuba:.

with the three PCH using diphenyl- 1,3,5-hexat-iene as the fluorescent probe. TCDD, en,ý

and lindane enhanced microsomal membrane apparent microviscosity by 2.3-, 2.1-, and :

fold, respectively, indicating a significant decrease in membrane fluidity. The results clc'

indicate that the three PCH induce free radical formation, but superoxide anion produc.

is enhanced more in the presence of endrin and lindane than with TCDD.



Keywords - TCDD, Endrin, Lindane, Phorbol myristate acetate, Lipid peroxidation,

Chemiluminescence, Superoxide dismutase, Catalase, Macrophage, Microviscosity,

Mitochondria, Microsomes

INTRODUCTION

The production and release of oxygen radicals by phagocytic leukocytes is one of the most

important functions of these cells in biology.1' When neutrophils or certain macrophages

phagocytize they produce superoxide anion and hydrogen peroxide, and form secondary

products of these activated species. During phagocytosis or in response to soluble stimuli,

macrophages undergo a burst of oxidative metabolism. In addition, stimulated macrophages

emit light or chemiluminescence 3 which is a sensitive measure of macrophage oxidative

potential and correlates with antimicrobial activity. Previous studies have suggested that the

vivo administration of a variety of polyhalogenated cyclic hydrocarbons (PCH) may exert

their toxic effects in part by the stimulation of reactive oxygen species production.' 7 The

source(s) of the reactive oxygen species is (are) unclear, and whether PCH enhance reactive

oxygen species production by dire.t or indirect mechanisms has not been determined.

Macrophages may be a source of these reactive oxygen species in response to PCH.

Most of the increased oxygen uptake during respiratory burst is utilized by the enzyme

system to catalyze one electron reduction of oxygen to superoxide anion by using NADPH

as the electron donor. The superoxide anion produced is the major source of hydrogen

peroxides through a dismutation reaction and also appears to be an intermediate metabolite

for the formation of hydroxyl radical perhaps through a modified Haber-Weiss reaction.!

2



Two other potential sources of reactive oxygen species include mitochondria and

microsomes.'

In the present study, a comparison of the in vi effects of PCH including endrin,

lindane and TCDD was conducted on macrophages, and hepatic mitochondria and

microsomes. The ability to produce reactive oxygen species ia itro was assessed by

chemiluminescence and cytochrome c reduction. Although the chemiluminescence from

stimulated polymorphonuclear leukocytes or macrophages is easily measurable, the addition

of luminol (5-amino-2,3-dihydro-1,4 phthalhazinedione) to the system markedly amplifies the

chemiluminescent response.10° 1 Due to its greater specificity, cytochrome r was also used

to assess the production of reactive oxygen species by peritoneal macrophages and isolated

mitochondrial and microsomal membrane. Previous studies suggest that most of the

physiological effects of PCH, following either acute or chronic exposure, appear to be

membrane associated.' Oxygen derived free radicals have been implicated in tumor

promotion leading to membrane perturbation."" 4 Hence, membrane fluidity was also

measured with isolated hepatic microsomal membranes using 1,6-diphenyl 1,3,5-hexatriene

(DPH) as a fluorescent probe.

MATERIAUS AND METHODS

Female Sprague-Dawley rats (140-160 g) were obtained from Sasco, Inc. (Omaha,

NE). The animals were maintained in stainless steel cages at 22" C with a 12 hr light/dark

cycle. The animals v/ere allowed free access to Purina Laboratory Chow (Ralston Purina

Co., St. Louis, MO) and tap water. All animals were acclimated for 3 to 5 days prior to the

initiation of experiments. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was obtained from

3
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the NatidN CmAor Institute Chemdicl Carcinoen Rlphory (Betbheda, MD) and had a

purfty o 99" . Bndrln end Undane (hoxachloroydlobm ) were purchased from Supolco,

hw (oUofonte, PA) nd hbad a purity ) 98%. C'oroie 9 (T) VI) and other

chemicals were reagent grads and obtained from Sipg Chemical Co. (St. Louis, MO).

ResidnOt peSroNeI MeIdan ce611 (pmadr macrophaps) were isolated from femile

SpragueDawley rats. The animals were killed by docapitation, and the macropbaeps were

isolated with oepe buffer, pH 7.4 (140 nM N&CI, I mM KCL 10 mM glucose, 2 mM Ca' 2

and 20 mM Hopes) which was injected Into the poritonsal cavity and subsequently aspirated.

M step was repeated thrWe times with 10 ml fractions. The macropbqe were centrifuged

at 3,000 rpm for 10 mnm. PeUets were wished with buffer and resuspended in buffer after

repeated oenultrftion. Cells were counted with a hemocytometer and diluted to 3 x 10'

cels/ml, and viaity was lelooked by the tryapu blue exclusion method. To determine the

compoGidon of the perIoneal exudate oel@s, the caells were cyto-centlfupgd in a Shandon

Cytospln 2 to collect a representative sample of wel displayed, randomly distributed,

uncrowded clls,' !Use coll preparations were composed of 60-70% mmcopbaps, 3.7%

lymphoc1te, 13.2096 eofLnoplis, and 4-81 buophils.

loxiwon of huepact mlkochondMI an midwoomai membwes

After withdrawal of the peritoneal macrophagpl, livers were quickly removed and

placed In Ice cold 50 mM Tris KCI buffer (pH 7,4) containing 150 mM KCI, I mM EDTA,

I mM dithlothreltol and 10* glycerol, The livers were homogenized with 5 ml buffer/gm

In a Potter.ElvehJem homogcnIzer fitted with Teflon pestle (four 30 sec. strokes).
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Subcoslular fractionation was achieved by differential centrifugation as described by Casals

"16aL?. Isolated mitochondria and microsomal fractions were further purified by repeated

centrifugatlon. Protein concentrations were determined by the method of Lowry "a'., 17

using bovine serum albumin as the standard.

Measwement of crmiluminwcence

Chemiluminescence was measured in a ChronoLog LumiVette luminometer

(Chronolog Corp., Philadelphia, PA). The assay was conducted in 3 ml glass minivials. The

vials were incubated at 370 C prior to measurement. The background chemiluminescence

of each vial was determined before use. Samples containing 3 x 10W cells/ml or 1 mg/ml

microsomal or mitochondrial protein were pre-incubated at 370 C for 30 min.xý*2 After pre-

incubation, 100 ng/ml of endrin, lUndane or TCDD were added. Control samples contained

the vehicles. Phorbol myristate acetate (PMA) was used as a positive control since it is a

wea ýxown activator of macrophages and tumor promoter.41 7 Chemiluminescence was

monitored for 30 min at continuous one mrin intervals. All additions to the vials as well as

chemilumin cence counting procedures were performed under dim lighting conditions.

Chemilurrnjies4nce was enhanced by the addition of luminol (4 AM) to each solution.

Results are expressed as counts/unit time minus background.

Membrane fluidity

Mficrosomal membranes were exposed to 100 ng/ml TCDD, endrin and Lindane, and

the reaction mixtures were incubated at 37 " C for 30 mrin The reactions were terminated

by layering the reaction mixtures over ice cold 0.25 M sucrose solution. After sedimentation

by centrifugation, the pellets were treated with 0.50 mM 1,6-diphenyl- 1,3,5-hexatriene (DPH)
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in tetrahydrofuran, and incubated at 37"C for 2 hrs.m Fluorescence polarization as a

measure of membrane fluidity was determined at 25"C with a Periin Elmer

spectrofluorimeter equipped with perpendicular and parallel polarizers using an excitation

wavelength of 365 nm and an emission wavelength of 430 nm.21 The apparent microviscosity

was calculated from the fluorescence polarization which is an index of membrane fluidity.12,23

Cytochrome c reduction

Superoxide anion production by peritoneal macrophages and hepatic mitochondria

and microsomes was measured by the cytochrome Q reduction assay of Babior SLAP. The

reaction mixture contained 1 ml of macrophage cells (3 x 10' cells/ml), mitochondria or

microsomes (1 mg protein/ml), and cytochrome C (0.05 mM). TCDD, endrin or lindane was

added at 100 ng/ml. The reaction mixtures were incubated for 15 mrin at 37@C. The

reactions were terminated by placing the reaction mixtures in ice. The mixtures were

centrifuged for 10 mrin at 4"C, and the supernatant fractions were transferred to clean tube,

for subsequent spectrophotometric measurement at 550 nm. Absorbance values were

converted to nmol of cytochrome r reduced using the extinction coefficient of 2.1 x 10' M

cm-1/15 rin.

Lipid permidation

Since lipid peroxidation occurs in response to free radicals and reactive oxyvr

species, the invtro effects of endrin and tindane were assessed. Hepatic mitochondrial

microsomal membranes (1 mg protein/ml) were incubated with endrin and lindane (

ng/ml) at 37 C for 45 min. Incubations were also conducted in the presence of the fr r

rauical scavengers superoxide dismutase (SOD) (100 Ag/ml), catalase (100 Mg/m.
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allopurinol (100 jsg/ml), catdai, + SOD (100 mg/ml + 100 jsg/ml), and mannltol (1.25

mmol/mI). The reactions were terminated by layering the reaction mixtures over ice cold

0.25 M sucrose solution followed by centrtugp•on. The resulting pellets were

homogenized in 0.05 M Tris buffer, pH 7.4, and lipid peroxidetion of treated and control

membranes with and without scavengers were estimated by the thiobarbituric acid method

according to Buege and AustY Malondlaldehyde was used as the standard with a molar

extinction coefficient of # - 1.52 x l0 at 535 nmn.

Statisical aba's

Data for each group were subjected to analysis of variance (ANOVA) and Student's

I test. The data are expressed as the mean ± standard deviation (SD). Each value is

derived from at least four animals. The level of statistical significance employed in all cases

was p < 0.05.

RESULTS

Rapid increases in chemiluminescence were observed when peritoneal macrophages

from rats were incubated with endrin, lindane and TCDD as well as PMA which was used

as a positive control (Fig. 1). Maximum responses occurred after 5.7 min of incubation, and

began to c ecline thereafter. However, chemiluminescence produced by the macrophages

in the ?re~ence of the four xenobiotics was still above control levels after 30 min (data not

shown).

The percent increases In chemiluminescence following incubation of peritoneal

macrophages with endrin, lindane, TCDD and PMA are presented in Table 1. Preliminary
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studies indicated that linear results were obtained with cells in the range of 1-5 x I0V

cells/mi (data not shown). Therefore, for all reported data, 3 x 10' cells/mI were used. The

results in Fig. 1 were determined using 100 ng/ml of each of the four xenobiotics. No

significant differences were observed when a concentration of 10 ng/ml was used for endrin,

lindan and TCDD.

Chemiluminescence as a measure of reactive oxygen species production by hepatic

mitochondrial and microsomal membranes incubated with 100 ng/ml endrin, lindane and

TCDD are presented in Figs. 2 and 3, respectively. PMA (100 ng/ml) was also used as a

positive control. Rapid increases in chemiluminescence were observed during the first 5-10

min for endrin, TCDD and PMA with mitochondria (Fig. 2), while in the presence of

lUndane, the chemiluminescence continued to increase during the first 15 min. In all cases,

small changes in chemiluminescence were observed thereafter. Endrin was also added at

a concentration of 10 ug/mi, and a dose-response effect was observed with the mitochondria

(Fig. 2). The percent increases in chemiluminescence following incubation of hepatic

mitochondria with endrin, lindane, TCDD and PMA are presented in Table L

When hepatic microsomes were incubated with endrin, lindane, TCDD and PMA,

rapid increases in chemiluminescence occurred during the first 4-6 miin of incubation, and

remained relatively constant thereafter (Fig. 3). At a concentration of 100 ng/ml, the

relative increases in chemiluminescence produced by the four xenobiotics were similar for

mltochondria (Fig. 2) and microsomes (Fig. 3). The percent increases in chemiluminesceince

following incubation of hepatic microsomes with the four xenobiotics are presented in Table

I.

Since chemiluminescence production is a non-specific assessment of the production

of reactive oxygen species, superoxide anion production in itro following incubation of

8



peritoneal macrophages, and hepatic mitochondria or microsomes with eandrin, lindane,

TCDD and PMA was determined by measuring cytochrome G reduction. These data are

presented in Table 1L The results are presented as the nmol cytochrome , reduced/15

min/3 x 106 ovlls or mg protein. Incubation of macrophages with endrin, lindane, TCDD

and PMA resulted in increases in superoxide anion production of 2.6-, 2.7-. 1.4-, and 3.8-

fold, respectively. When h•patic mitochondria were incubated with endrin, lindane, and

TCDD, increases in production of superoxide anion of 6.5-, 7.5-, and 1.4-fold occurred,

respectively. Under similar conditions with hepatic microsomes, increases in superoxide

anion production of 8.4-, 11.6-, and 1.3-fold, respectively, were observed (Table 11).

The production of thiobarbituric acid reactive substances (TBARS) as an index of

lipid peroxidation following the in vitro incubation of rat hepatic mitochondria and

microsomes with endrin and lindane is presented in Table II. Malondialdehyde (MDA)

was used as the standard. The results indicate that endrin enhanced the production of

MDA 2.3- and 2.4-fold in mitochondria and microsomes, respectively, while lindane resulted

in 2.4- and 3.7-fold increases under these same conditions. The addition of SOD or catalase

to the incubation mixtures significantly decreased the formation of TBARS relative to

mitochondria or microsomes to which only endrin or lindane had been added. For example,

the formation of TBARS by mitochondria and microsomes in the presence of endrin

decreased by 24 and 32% when SOD was added, respectively. Similarly, the production of

TBARS by mitochondria and microsomes in the presence of lindane decreased by 37 and

46%, respectively, when SOD was added (Table MII). Similar results were produced when

catalase was added to the incubation mixtures. The addition of both SOD and catalase

completely prevented both endrin and lindane induced lipid peroxidation with mitochondria

and microsomes. The addition of allopurinol produced results similar to the results
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observed following addition of SOD plus catalase. The addition of mannitol to

mitochondria and microsomes also resulted in a partial inhibition of endrin and lindane

induced lipid peroxidation (Table II).

The effects of endrin, lindane and TCDD on the microviscosity of microsomal

membranes is presented in Fig. 4. The membranes were incubated under the conditions

described for lipid peroxidation (Table HI). Microviscosity is inversely proportional to the

membrane fluidity. The results clearly demonstrate that the inxitr incubation of rat

hepatic microsomal membranes with endrin, lindane and TCDD resulted in 2.1-, 2.5-, and

2,3-fold increases in microviscosity, respectively.

DISCUSSION

The in vro incubation of structurally dissimilar polyhalogenated cyclic hydrocarbons

with rat peritoneal macrophages, and hepatic mitochondria and microsomes results in the

production of reactive oxygen species as demonstrated by enhanced chemiluminescence

(Figs. 1-3; Table I) and cytochrome r reduction (Table H). Previous studies have shown that

TCDD,4 -s endrin,6 and lindane7 induce an oxidative stress in rodents, although the

mechanism involved and the source of the reactive oxygen species was unknown. Goel rd

al.2 have also shown that lindane induces an increase in hepatic lipid peroxidation in rats.

The current studies suggest that macrophages, mitochondria and microsomes may all serve

as sources of reactive oxygen species in response to various polyhalogenated cyclic

hydrocarbons.

The chemiluminescent profiles in the presence and absence of xenobiotics (Figs. 1-3)

are similar to previously reported results for microsomes2 and polymorphonuclear
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leukocytes31 as well as epithelial ceils." The sustained chemiluminescence produced by

adding endriM, lindane and TCDD is presumably due to the continued production of reactive

oxygen species and/or other free radical species. The incubation of luminol with endrin,

lindane or TCDD in the absence of macrophages, mitochondria or microsomes did not

result in an increase in chemiluminescence with time (data not shown). Therefore, te

increase in chemiluminescence with time observed in Figs. 1-3 is not due to a direct

interaction between the PCH and luminol.

The reason for low levels of superoxide anion production (Table [I) while producing

more moderate increases in chemiluminescence (Figs. 1-3) in response to TCDD is

unknown. The chemiluminescence assay is less specific with respect to the types of reactive

oxygen species detected as compared to the cyt chrome ! reduction assay which

preferentially detects superoxide anion. TCDD may be inducing formation of reactive

oxygen species other than superoxide anion which are detected by the chemiluminescencc

assay but not by the cytochrome g reduction assay.

The incubation of hepatic mitochondria and microsomes with endrin and lindanc

results in the formation of thiobarbituric acid reactive substances (Table Ill), a widely use,:

index of lipid peroxidation. The partial inlhibition by SOD of the lipid peroxidation

mitochondria and microsomes induced by endrin and lindane suggests that superoxide ani.

is involvedctL2 Similarly, inhibition of the lipid peroxidation by catalase indicates a.

hydrogen peroxide may also be involved. These observations are further confirmed by:

complete inhibition of endrin and lindane-induced lipid peroxidation by the combination

SOD and catalase. Furthermore, the use of the radical scavengers mannitol and allopun..,

suggest that hydroxyl radical and possibly other free radicals may be involved in the lip,

peroxidation initiated by endrin and lindane. The equilibrium between superoxide anion.

11
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hydrogen peroxide and hydroxyl radical is well known.'U

The incubation of rat hepatic microsomal membranes with endrin, lindane and

TCDD clearly demonstrates a decrease in membrane fluidity (Fig. 4). Small changes in

membrane fluidity can reflect large changes in membrane function." The changes in

membrane fluidity may be due either to a direct effect of these xenobiotics on the structural

integrity of the membranes or due to an increase in lipid peroxidation.38

Both endrin and TCDD have been shown to alter calcium homeostasis in rodents.

An influx in calcium may occur as a result of altered membrane structure and function in

response to polyhalogenated cyclic hydrocarbons as endrin' and TCDD?. Many hydrolytic

enzymes are activated by an influx of calcium. These activated enzyme systems are believed

to play an important role in cell death and destruction.31

The results support the hypothesis that endrin, TCDD and lindane induce the

production of reactive oxygen species at multiple sites. These reactive oxygen species may

lead to enhanced lipid peroxidation as well as other cell damaging effects including

membrane and DNA damage, contributing to the toxic manifestations of these xenobiotics.
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Table I

Percent increases in chemiluminescence following incubation of peritoneal macrophages and
hepatic mitochondria or microsomes with endrin, lindane, TCDD and PMA

Concentration % of Control Peak
Compound (ng/mi) Macrophage Mitochondria Microsomes

Control 0 100 100 100

Endrin 100 110 149 270

Endrin 10,000 200

Lindane 100 120 174 535

TCDD 100 115 160 400

PMA 100 130 180 670

Peritoneal macrophages (3 x 10' cells/ml) and mitochondria or microsomes (1 mg
protein/ml), were used in each 1 ml assay, and incubated for 30 mrin at 37"C with endnn.
lndane, TCDD and PMA. The CPM at the peak of the response for control macrophage%.
mitochondria or microsomes without addition of a xenobiotic was taken as 100%. The dat.,
are representative of 4-6 different experiments.
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Table 11

In vitro production of superoxide anion (cytocbrome G rSduction) following Incubaton of
macrophages, mitochondria and mcrosomes with endrin, Ulndan, TCDD ani PMA,

Additions Macrophage Hopadern mIt ndrAf Hopaemkroeoms
(100 ng/ml) (amol cyqtrome j (tmol --a-- ems a (am ytdom g

reducedf 15 min/ reduced/is mwn feduced/U min/
3 x 10 celis) mg of protein) m of protin)

Control 6.3 * 0.5 48.2 t 0.9 31. * 1.0

Endrin 16.5 ± 0.9" 308.2 16S U66.81• .5

Tinden. 17.3:t 0.8" 360.6 21.4 366.2*123.2"

TCDD 9.0,0.60 68j 3J, 40J *: 2JO

PMA 23.7± 1.5 a

Data are expreued as the mean value of 4-6 experiments * 5D. Tbs Incubation ts wo
15 min. at 37 C. P < 0.05 wt respect to tb control goup.
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Producdon of JL= lipid peroeiduofl fobo'in the lawbati of rat bepatic mltobodwma
and mlwsomW w'ith fadulA WAn lndaiw.

MONua hDA/ug protein
qarn(10m/ui) Undae (100 oag/u)

Comuol 1,61 *0OAS 1,63 *0OAS
Badda or Undaa 3.72 *aJ03 3.95035 tOs

+ SOD 2.84 * 0.26""o@ 2.50 t 0.30'fee
+ Casha. 2.50 * OM 2.24 t0.28"
+*SOD 4,C&tuaa 2.01*t0.24"0 1.82 2036"
+' Agopw'InoI 2.12 t 0.12" 2Z =* 0.3240

* am~tt2,95 * 0.30 0,0 2.92 * 0.46'

Conuoli 2.38*0.2 2,32 t0.35
Iun or Undo# I!.S3Oise 7.29*1052

+' SOD 3.9 a 0.26'"oo 3.98 a ON @to
+' Ce&aWa 3.57 * 0.20"",0 3.7 a O.440,0
+ SOD + Cauwaa 2.87*10.18" 2A99t0.27"
+ Aflopw'lnl 2.94 * 0.16 *oo 4M2 * 0.29'too
+' Mamnkol 3.50 a 0,13" 4,66 t 0.49'

Data mre s~frusd a.d mhean v~uiu of 446 ezp~rimunt aD. ThU nUmbafton *m was
45 mi-n-ai 7 'C2 I P'0 wt reipm tiothe matrol poup. OP m0.0M wth rcpm to ths
oonvqwapdlng eadrin or linden. roup.



LEGEND

Pion - Production of chemiluminescence by peritoneal macrophages (3 x 10' cells/ml)

incubated inxir at 37"C with 100 nfg/ml of endrin, lindane, TCDD and PMA. Luminol

(4 iM) was added :o enhance chemiluminescence. PMA was used as a positive control.

EiuaZ - Production of chemiluminescence by hepatic mitochondria (1 mg protein/ml)

incubated i at 37 C with endrin, lindane, TCDD and PMA. Luminol (4 MM) was

added to enhance chemiluminescence. PMA was used as a positive controL

- Production of chemiluminescence by hepatic microsomes (1 mg protein/ml)

incubated ivt at 37 C with endrin, lindane, TCDD and PMA. Lwminol (4 mM) was

added to enhance chemiluminescencc. PMA was used as a positive controL

FigaA4 Increases in the microviscosity of hepatic microsomal membranes incubated at

37"C with 100 ng/mI endrin, lindane and TCDD. 1,6-Diphenyl-1,3,5-hexatriene (0.50 mM)

was used as the fluorescent probe. The excitation and emission wavelengths were 365 and

430 nm, respectively.
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SUMMRYt A high pressur. liquid chromatopaphic (HPLC) method has been developed

for the simultaneous determination of serum levels of malondlaldehyde, formaldehyde,

acetaldehyde and acetone. Serum samples were derivatized with 2.4-dinitrophenylfydrazine

(DNPH) to form the corresponding hydrazones of the four lipid metabolites. ne

hydrazones were extracted with pentane and chromatopapbed on a OBondapak C,, column.

Acetonitrile-water (49-51 v/v) was used as the mobile phase. Treatment of rats with 2,4,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) (50 #&g/kg) resulted in marked time-dependent

increases in the serum levels of the four metabolites. This HPLC method for identifying

and quantitating formaldehyde, malondialdehyde, acetaldehyde and acetone is rapid and

highly reproducible. The method has widespread applicability to the assessment of

metabolic alterations produced by drugs, disease states and toxicants.

INTRODUQTN

Various toxicants including 2,3,7,8-ttrachlorodibenzu-p-dioxin (TCDD), endrin, carbon

tetrachloride and paraquat are known to induce oxidative stress resulting in enhanced lipid

peroxidation (1). The peroxidation of membrane lipids is associated with a wide variety of

toxicological effects, including impaired mitochondrial and golgi apparatus functions,

inhibition of enzymes associated with various organelles including the endoplasmic

reticulum, membrane damage associated with decreased membrane fluidity, and impaired

calcium homeostasis (2-4). lipid peroxidation reflects the interaction between molecular

oxygen and polyunsaturated !atty acids, resulting in the oxidative deterioration of the latter

with the production of various breakdown products including alcohols. aldebydes, ketones

and ethers (5,6). Lipid peroxidation products leak from organs or tissues into the blood



stream, and may be excreted in the urine (Z4). Recent studies have shown that the lipid

metabolites formaldehyde (FA) malondialdebyde (MDA), acetaldehyde (ACT) and acetone

(ACON) are normally excreted in the urine, and an increase in the excretion of these four

products occurs in response to a variety of xenobiotics which induce oxidative stress and/or

lipid peroxidation (1). However, the changes which occur in the serum levels of these

metaboites in response to enhanced Upid peroxidation have not been studied.

Serum MDA following derivatization with 2,4-dinitrophenylhydrazine (DNPH) was identified

by Kawai "L.1. (7) using similar HPLC techniques to those of Ekstrom etaL. (8), while

Largilliere and Melancon (9) determined free MDA in plasma by HPLC. Free ACT in

blod has been determined as the DNPH derivative by HPLC (10). However, the identity

of the hydrazone from serum which had been derivatized with DNPH was not confirmed

by mass spectrometry. In the present study, four lipid metabolites have been identified

simultaneously in the serum of rats by HPLC and gas chromatography-mass spectroscopy,

and quantitated by HPLC. The procedures are modifications of the methods previously

described for the identification and quantitation of these metabolites in urine (1). In

addition, the effect of a chemically (TCDD) induced oxidative stress on the serum levels of

these metabolites has been examined in rats.

MATERIALS AND METHODS

Animals

Female Sprague-Dawley rats, weighing 140-160 g, were obtained from Sasco, Inc. (Omaha,

NE, USA). All animals were housed two per cage and allowed to acclimate to the

2



environment for four to five days prior to experimental use. The animals were allowed free

access to tap water and food (Purina Rodent Lab Chow #5001). The rats were housed at

a temperature of 21" C with lighting from 6 n.m. to 6 p.m.

Chemicals

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was obtained from the Chemical Resource

Program, National Cancer Institute (Bethesda, MD). All other chemicals used in the study

were obtained from Sigma Chemical Co., St. Louis, MO, and were of analytical grade or of

the highest grade available.

Animals and Treatment

Ad libitum fed control and TCDD-treated rats had free access to tap water and food. Since

TCDD causes hypophagia, pair-fed rats were also used. Pair-fed rats received an amount

of the diet equivalent to the amount of diet consumed by TCDD-treated partner rats during

the previous day. TCDD-treated rats received 50 Ag/kg orally in corn oil containing 10c,

acetone. Ad libitum-fed and pair-fed rats received the vehicle. The animals were killed a,

0, 3, 6, 9 or 12 days post-treatment.

Blood Collection

Blood samples were collected from TCDD-treated, ad Iibitum-fed control and pair-fed ra"

At termination, the rats were exsanguinated via cardiac puncture under CO2 anesthesia

Serum was separated and stored at -70 C until assays were performed, usually within I,,

days.
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Dwivadata and A$ssy of Sern Smple

Z4.-DintrophefylhydriSine (DNPH) was used as the derivatizing agent in the identification

and quantitatlon of serum lipid metabolites. DNPH (310 mg) was dissolved in 100 ml of

2M HCI to make the derivatizing reagent. Serum (025 ml) was mixed with 025 ml of 0.15

M NaCI, 4.4 ml of water, and 0.1 ml of DNPH reagent, vortexed and allowed to stand for

10 min. Trichloroacetic acid (2.5 ml of 20*) was added, and the samples were centrifuged

at 3000 g for 20 min. Pentane (15 ml) was added to each clear supernatant fraction, the

tubes were intermittently vonexed for 30 mrin, and the organic phases were removed. The

aqueous phases were extracted twice more with 15 ml aliquots of pentane. The pentane

extracts were combined, evaporated under a stream of nitrogen in a 37"C water bath, and

reconstituted in 0.40 ml of acetonitrile. A 25 ol aliquot of each sample was injected onto

a high pressure liquid chromatographic (HPLC) column and the peaks were isocratically

eluted as described below.

HPLC

The HPLC system consisted of a Waters model 510 pump (Waters, Milford, MA), a Waters

model U6K loop injector, a 3.9 x 300 mm 10 Am reverse phase ABondapak C8 column fitted

with a Rainin 5 pm RP OD-GU pre-column, a Waters model 484 tunable absorbance

detector and a Fisher Recordall series 5000 (Fisher, St. Louis, MO) strip chart recorder.

The acetonitrile-water (49:51 v/v) mobile phase was filtered through a Rainin 0.45 Aim

nylon-66 filter (Rainin, Woburn, MA), degassed using a Millipore filtration kit (Rainin,

Woburn, MA), and pumped at a flow rate of 1 ml/min. The detector was set at a

wavelength of 330 nm and 0.03 absorbance units full scale (AUFS). The chart recorder

speed was 0.25 cm/min. Following injection of a sample, the isocratic elution was carried

4



out for 40 min.

Hydrumno Standards

Synthetic hydrazone derivatives were prepared by reacting formaldehyde (FA),

malondialdehyde (MDA), acetaldehyde (ACT) or acetone (ACON) with DNPH reagent

(1:1.2 mole). The reaction proceeded rapidly at room temperature. The precipitated

hydrazones were filtered, dried and recrystallized from methanol. Solutions containing the

four synthetic hydrazones were chromatographed as described previously (1). Serum

samples were spiked with known amounts of each of the synthetic hydrazones to identify

and/or confirm the serum hydrazones by HPLC co-elution.

To calculate the percent extraction recoveries, 0, 5, 10, 15, 20 or 25 nmoles of each of the

synthetic hydrazones of FA, ACT, MDA and ACON were added to quadruplicate 0.25 ml

serum samples obtained from control animals during a single collection. The same

extraction procedure described above was applied and the percent recoveries were

calculated.

Calibration curves for each of the synthetic hydrazones were generated by chromatographing

2.5, 5, 15, 30, 50, 80 nmoles/ml each of FA, ACT and ACON, and 1, 2, 5, 10, 20, 40

nmoles/rl of MDA and measuring the peak heights. Peak heights were plotted against

concentration.

Gas Chromatography . Mass Spectroscopy (GC.MS)

In order to confirm the identities of the four metabolic products in the serum, gas

5



S chrmatopaphy combined with mass spectromeUy analyses (OC-MS) was performed The

GO-MS system consisted of a Hewlett-Packard OC model 5890 (Fullerton. CA, USA) with

a 15 m capillarz column (Supelco SPB-S, Beliefonte, PA, USA) of 0.32 mm internal

diameter and 0.25 pm film thickness, which was connected directly ^o the mass spectrometer

via a heated transfer line. The transfer line temperature %as maintained at 200C. Helium

was used as the carrier gas at an average linear velocity of 65.8 cm/s, and the injector

temperature was 2300 C. The injector was operated in the splitless mode. The temperature

program was set as follows: the starting temperature was 75" C, and was increased to 175 C

at increments of 25" eC/min. Between 175"C and 200 C the temperature was increased at

a rate of P"C/min, and finally to 300"C at increments of 25"C/min. The mass

spectrometer was a Finnigan-MAT model 50 B quadrupole instrument (Palo Alto, CA,

USA) in combination with an INCOS data system. The instrument was set on electron

ionization mode. The ion source temperature was 180' C, and the ionization energy was 70

eV. The system was coupled to a Data General computer model DO 10 (Southboro, MA,

USA) and a Printronix model MVP printer (Irvine, CA, USA).

For OC-mass analysis, the four hydrazone derivatives of FA. ACT, MDA and ACON were

dissolved in chloroform (50 ng/pl). Similarly, hydrazine-derivatized serum samples were

reconstituted in chloroform. Samples (2 #!) of standards and extracts were injected onto the

GC-MS.

Following the full spectrum identification of each of the hydrazones, a selected ion

monitoring (SIM) program was prepared and additional spectra were obtained in the SIM

mode.
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Significant differences between the diftrent tretment poop wo aessed by Anals of

Variance (ANOVA). Scbeffe's S method was used as the post-boc moemmnt to determin

sinificance between values within and between coups (P ( 0.05).

REUULTS

Idendflcatlon of sunm A*@i mdabollm

Utilizing HPLC and OC co-elution methods as wel as MS techniques, malondialdebydo

(MDA), formaldehyde (FA), acetaldehyde (ACI) and acetone (ACON) were Wondfd In

serum from untreated rats.

UV.visible scan studies indicated that tae absorption maxima of the four synthetc

hydrazones of MDA, FA. ACT and ACON were 307, 349, 359 and 362 mm, reopspdvely.

Therefore, 330 am was routinely used to montor thes compounds by HPI . Tbs

extraction recoveries of the m1r ACr and ACON hydiazones from serum were 71.6,

78.8,88.7 and 70.7%, respectively, baed on studies lnvolvinq the addition of known amounts

of the hydrazone derivatives to control serum.

HPLC chromatolrams of the mixture of four bydrazone standards, serum from control rats,

spiked serum from control animals, and serum from TCDD.treated rats are presented In

Figs. IA, IB, IC and ID, respectively. The retention times for the standards (Fig. IA)

corresponded with the chromatogrpaphc peaks for extracts of serum (Fig. 15), and Go-elut/on

occurred when the standards were added to the serum samples. Fig. IC depicts a typical

HPLC chromatogram where serum samples were spiked with synthetic hydrasone sampls
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t0 Wden*d and &VI~m Me wena **nows by ..hids 71M lanue In seum

Gio-~nrtO of th ( furme~taoie Is evdent in Fi& tD focwins w6SwS of the

AMbai pftb TCDD.

ftg 2A b a tyWa OCaMS lutlon profil Of the hyrmeenato standard MDAt PA. ACr

and ACO?4. P4 25 Is a bgs..anun~n 0C-dS of tdo **damo derkatime extrimatd from

a isrum umple. The order of slution of the fou bydrassues upon OC was similar but noat

Identical to dbs of HFLC. There ars two notable difference w compared to the IPLC

proftl. The formaldhyd hydrazon (PA) der4dvatv (SA4 min) oslted first upon OC, and

acetone hydraxone (ACOIJ) derfttive (7.4 min) slated Mlat The order of OC elution of

MIDA and PA was reversed In contrast to the order observed on HPLC. In addhimin the

seetaldsbydo hydruzone (ACT) derivative eWbIbid two peal. (6J and 6.6 mln) on OC.

correspondinS to Its opi and antlisomers wblch were separatd by OC and not by IIPLC

(Pip. lA and 2A). The MI data for the four serum lipid motabolites were compared wiih

sinhestic hydrisone standards and Wseletive Ion monitoring (W~f was used to provide

further conlbirmato of the Wodeniy of the four lipid mestabolites in serum, n deectibeti

predOutiy (I) (data not sAoM).

Quandtadon of Senam LOWi Metabofihu

On chronutopuphby Is not Ideal (or quaantltatlon because of poor peak shape of ttw

hydrazone samples. but Is useful for IdentIficatIon by OC.MS. AUl the bydrasan derivativet

ase well chromatographed by HPLC, and thus HPLC was employed for quantitation 71V

accuracy of the IIPLC quantitatlon technIque was determined by the standard addtio'i

technique, Addition of even 5 pmales of any of these hydrazone derivatvive was acuately

111111111111M S



wflct in the peak bogbts. The linits of detection for MDA, FA, ACT and ACON were

2, 00.3 Wd 0.2 pmole injected, respectively.

Calibratior curves for each of the synthetic bydrazones of MDA, FA, ACT and ACON were

generated. The various concentrations for each standard were injected and

chromatogr•aed, and the concentrations of the MDA, FA, ACT and ACON hydrazones

were plotted against the peak height obtained. Peak heiShts were directly proportional to

the amount of hydrazone injected. In each case, the calibration line was linear, with all

points having a very small standard deviation. The r values were 0.9917 for MDA, 0.9867

for FA, 0.9798 for ACT and 0.9853 for ACON.

Tables 1-4 provide quantitative data of serum FA, MDA, ACT and ACON levels in ad

libitum-fed control, pair-fed control and TCDD-tr.ated animals on days 3, 6, 9 and 12. The

results are presented in nmoles/ml of serum. Table I shows the levels of serum MDA in

pair-fed control and TCDD.treated rats relative to ad libitum-fed control animals. As can

be seen, increases of approximately 1.4., 1.9-, 2.0- and 2.3-fold occurred in the serum MDA

on days 3, 6, 9 and 12 in pair-fed rats as compared to ad libitum-fed control animals, while

increases of 2.4-, 3.3., 3.6. and 3.8-told, respectively, occmred in TCDD-treated rats as

compared to ad libitum-fed control animals.

Table 2 depicts the Increases in serum FA in pair-fed control and TCDD-treated rats on

days 3, 6, 9 and 12 post-treatment. As compared to ad libitum-fed control animals serum

FA increased by approximately 1.3-, 1.8-, 2.1- and 2.2-fold in pair-fed animrals and 1.4-, 2.5.,

3.1- and 2.6-fold, respectively, In TCDD.treated rats on days 3, 6, 9 and 12.
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Table 3 prmeM serum ACT levels in ad libitum-fed conxml, pair-fed control and TCDD-

treated rats 3, 6, 9 and 12 days after initiation of the study. As compared to ad libitum-fed

control animals, serum ACT increased by 1.2-, 13-, 1.5- and 1.6-fold in pair-fed animals, and

1.6-, 2.5-, 3.1- and 3.0-fold, respectively, in TCDD-treated animals on days 3, 6, 9 and 12.

Table 4 provides the levels of serum ACON in ad libitum-fed control, pair-fed control and

TCDD-treated rats on days 3, 6, 9 and 12. Serum ACON increased by approximately 1.3-,

2.3-, 4.3- and 4.7-fold on days 3, 6, 9 and 12, respectively, in pair-fed animals as compa~red

to ad libitum-fed control animals. However, serum ACON increased by 2.7-, 6.9-, 9.4- and

8.6-fold at these same four timepoints, respectively, as compared to ad libitum-fed control

animals, Under the influence of TCDD the maximal increase in serum ACON was observed

on the 9th day post-treatment.

DISCUSSION

The four lipid metabolites FA, MDA, ACT and ACON have been conclusively identified

in rat blood serum by GC-MS and quantitated by a single HPLC system. The HPLC system

provides a rapid, convenient, reproducible method for the simultaneous detection and

quantitation of these four metabolic products. The technique has numerous potential

applications to the study of metabolic alterations as a result of drugs, touicants and diseases.

The detection limit is approximately 5-10 pmoles for any of the four lipid metabolites in a

1.0 ml aliquot.
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tk-" oim qL (11) reported the detection of udnay MDA after derivatlzing with DNPH

and separting the addut by HPLC. Serum MDA was identified by Kawal i (7) using

simila- I-[PLC techniques, while lArgilliere and Melancon (9) determined free MDA in

plasma by HPLC. Free ACT in blood has been determined as the DNPH derivatie by

HPLC (10). We have identified and quantitated (1) urinary FA, MDA, ACT and ACON

by HPLC techniques. However, no previous studies have simultaneously identified and

quantitated these four metabolic products in serum.

The increases in these four lipid metabolites in serum may be either due to lipid

peroxidation or beta oxidation. A detailed study was carried out on MDA metabolism and

excretion (12) and MDA appeared to be extensively metabolized to acetate and carbon

dioxide. The acetaldehyde identified in this study may arise from the degradation of MDA.

Previous studies have shown that TCDD produces a marked increase in the formation of

MDA in the liver (13,14), and maximal tissue MDA levels were attained within 5-7 days

following the administration of a single dose of TCDD.

The increased excretion of ACON in response to oxidative stress is well known (15,16). Rat

liver microsomes are known to metabolize glycerol to FA (17). Glycerol is a product of the

metabolism of triglycerides by adipose tissue and other tissues that possess the enzyme that

activates glycerol, namely glycerol kinase (17). Lver and brown adipose tissues contain high

glycerol kinase levels (17). Other possible sources of FA are degradation products of MDA

to acetate and a one carbon fragment or the breakdown of acetoacetlc acid to ACON and

a one carbon fragment (12).
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in summary, the HPLC method for identifying and quantitating MDA. FA, ACF and ACON

is rapid, relatively simple, and highly reproducible. As such, the method should have

* ~widespread applicability to the study of metabolic change associated with these four

- products under a variety of pathological, toxicological and pharmacological conditions.
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Table 1. Srum levels of mulondialbyde in coi aroi, pair-fed and TCDD-IreOte female
Spraue-Dawloy rats

umoles Malondlaleb (MDA)/ml serum
Days -Fed. Ra "CDTrae

Post-Treatment Ad libitum Fed Pair-Fed ats TCDD TreaedControl Rats (50 qg/1%) Rats

0 1.15:t 0.22

3 1.43 t 0.28 1.76 t 0.170 2.98 0-*

6 1.23±0.170 2.35 :k O.l 4.13t 0.26

9 1.28 : 0.21' 2.56: 0.24 4.54 ± 0.29'

12 1.36 :t 0.25' 2.93 ± 0.33b 4.84 ± 0.32'

Rats received 50 ug TCDD/kg as a single oral dose in corn oil:acetone (10:.1) or the vehicle.
Each value is the mean t S.D. from 4 animals. For each time point, values with non-
identical superscripts are statistically significant (P c 0.05).
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Table 2. Serum levs of formadehyde in ontrol, pnair- and TDDD.trated female

Sprague-Dawley rats

nmoles formaldehyde (FA)/ml serum
Days'"Post-Treatment Ad Libitum Fed Pair-Fed Rats TCDD TreatedControl Rats (50 psg/kg) Rats

0 2.46 t 0.46 -

3 2.04 ± 0.31' 2 .94 t 0.4 3  3.27 0.37b

6 2.27 ± 0.238 4.17 ± 0.0 5.79 ± 0.61e

9 2.48 ± 0.36' 4.76 ± 0.52? 6.98 ± 0.72c

12 2.15 ± 0.19' 4.94 ± 0 .5 7b 5.86 ± 0 .6 3 b

Rats received 50 Ag TCDD/kg as a single oral dose in corn oil:acetone (10: 1) or the vehicle.
Each value is the mean ± S.D. from 4 .anims. For each time point, values with non-
identical superscripts are statistically significant (P < 0.05).
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Table 3. Sonru levels of Acetaldehyde in control, pair-fed and TDDD-treated female
Sprague-Dawley rao

nmoles of acetaldebyde (ACT)/ml serum
Days Ad Libitum Fed Pair-Fed Rats TCDD Treated

Post-Treatment Control Rats (50 Mg/kg) Rats

0 16.48 ± 1.71
3 13.23 1 1.43a 17.67 ± 1.22e 22.64 ± 2.330

6 15.66 ± 1.41' 18.52 ± 0.97" 35.31 ± 2.94e

9 14.42 ± 1.73" 21.26 ± 1.83 43.93 ± 3.86c

12 14.16 ± 1.38' 22.84 ± 1.92? 42.6 ± 2.78c

Rats received 50 jsg TCDD/kg as a single oral dose in corn oil:acetone (10:.1) or the vehicle.
Each value is the mean ± S.D. from 4 animals. For each time point, values with non-
identical superscripts are statistically significant (P < 0.05).
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Table 4. Serum levels of acetone in control, pair-fed and TDDD.treated female Sprague-
Dawley rats

amoles Acetone (ACON)/ml Serum
Days..... . .PostDTreatment Ad libitum Fed Pair-Fed Rats TCDD Treated
PotTetet Control Rats (50 Mgk)Rats

0 1.98 0.32 . -

3 1.64 ± 0.15 2.27 ±: 0.3? 4.89 * 0.7P

6 1.76 ± 0.160 4.19 ± 0.58e 12.38 ± 132'

9 1.82 ± 0.170 7.78 ± 0.83" 16.80 :t 1.07'

12 1.78 ± 0.19' 8.36 ± 0.92" 15.46 ± 1.22'

Rats received 50 pg TCDD/kg as a single oral dose in corn oil:acetone (10:1) or the vehicle.
Each value is the mean ± S.D. from 4 animals. For each time point, values with non-
identical superscripts are statistically significant (P < 0.05).
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LEGENDS

FIG. I. Chromatogram of DNPH derivatives of malondialdelyde (MDA),
formaldehyde (FA), acetaldehyde (ACT), and acetone (ACON): A -
standards; B - serum from control animals; C - serum from control rats spiked
with 0.60 nmoles MDA, IS nmoles FA, 22 nmoles ACT and 7.5 nmoles
ACON; and D - serum from TCDD-treated rats. 25 ;l of each sample was
injected.

FG. 2. A - Full scanning GC-MS of DNPH derivatives of formaldehyde (FA),
malondialdehyde (MDA), acetaldebyde (ACT), and acetone (ACON)
standards; B - Full scanning GC-MS of rat serum sample containing FA,
MDA, ACT, and ACON as the DNPH derivatives.
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